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ABSTRACT 
3-D computational modelling of the human spine provides a sophisticated and 
cost-effective medium for bioengineers, researchers, and ergonomics designers 
in order to study the biomechanical behaviour of the human spine under different 
loading conditions. Developing a generic parametric computational human spine 
model to be employed in biomechanical modelling introduces a considerable 
potential to reduce the complexity of implementing and amending the intricate 
spinal geometry. The main objective of this research is to develop a 3-D 
parametric human spine model generation framework based on a command file 
system, by which the parameters of each vertebra are read from the database 
system, and then modelled within commercial 3-D CAD software. A novel data 
acquisition and generation system was developed as a part of the framework for 
determining the unknown vertebral dimensions, depending on the correlations 
between the parameters estimated from existing anthropometrical studies in the 
literature. The data acquisition system embodies a predictive methodology that 
comprehends the relations between the features of the vertebrae by employing 
statistical and geometrical techniques. Relations amongst vertebral parameters 
such as golden ratio were investigated and successfully implemented into the 
algorithms. The validation of the framework was carried out by comparing the 
developed 3-D computational human spine models against various real life 
human spine data, where good agreements were achieved. The constructed 
versatile framework possesses the capability to be utilised as a basis for quickly 
and effectively developing biomechanical models of the human spine such as 
finite element models. 
Keywords: Human Spine, Parametric Modelling, Geometric CAD Model, Data 
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CHAPTER I 
Introduction 
3-D computational modelling of the human spine is a flexible tool utilized by 
bioengineers and ergonomic designers, which is being used to study the 
biomechanical behaviour of the healthy human spine as well as diseased or 
damaged ones. Computational modelling provides a beneficial and cost 
effective medium for researchers working on the spine. Several 3-D models 
can be found in the literature, developed using finite element and multi-body 
techniques, in order to study the biomechanics of the human spine and spinal 
disorders. The available models in the literature are generally simplified and 
idealized since the human spine possesses a complicated structure composed 
of many non-linear geometric features. These models are usually based on 
average values of vertebral anatomy collected from a small sample of actual 
human vertebrae, thus each model represents a specific human spine, which 
does not have the potential and flexibility to reflect the whole range of the 
population. 
Even the models in the literature are simplified and idealized, it is a 
demanding and time-consuming process to modify each vertebra of the human 
spine, in order to analyse it for different dimensions. Every parameter must be 
inserted into the programme for each vertebra, which increases the possibility 
of making errors. Parametric modelling is the appropriate answer to resolve all 
these problems. Developing a generic parametric spine model to be employed 
in biomechanical modelling would reduce the complexity of implementing and 
amending the dimensions and orientations. Geometric complexity of the 
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vertebrae can be simplified by associating the geometry of the significant 
anatomic properties with each other. This can be achieved by identifying and 
employing the key parameters of geometric components, where the features of 
each vertebra are generated by using these key parameters. These features are 
then combined to generate the model of a particular generic vertebra, the 
variables of which can then be edited to construct the whole spinal column. 
1.1 Aims of the Research 
This study aims to develop a 3-D geometrical solid model of the whole human 
spine based on parametric modelling techniques, which uses a novel data 
acquisition code for determination of the parameters and generation of 
necessary spinal components. The research also aims to provide a framework 
for those who study the biomechanical behaviour of the human spine such as 
bioengineers, ergonomics designers and anthropologists. The versatile 
framework may well be utilised as a basis for developing mechanical models 
of the human spine. 
1.2 Objectives of the Research 
The main objective of this research is to develop a 3-D parametric human 
spine model generation system. The modelling process is a challenging and 
time-consuming procedure due to the complexity of the spine, which is 
composed of eleven different non-linear geometric features with varying 
dimensions and orientations in each vertebra. Parametric modelling provides a 
suitable solution for this problem, where the geometric complexity of the 
vertebrae is simplified by associating the geometry of the significant anatomic 
properties of the spinal elements with each other. A generic vertebra model is 
to be constructed to seize all anatomic features of the vertebrae, which were 
defined in terms of parameters for generating other vertebrae. 
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The parametric modelling technique helps the user to reduce the lead time of 
the development of the model. It is possible to analyse different people groups 
with varying dimensions, nevertheless it is still a time-consuming process to 
enter the variables for each feature of each vertebra. The modelling process is 
made automatic with a command file system, by which the parameters of each 
vertebra, and the dimensions and orientations of each feature, can be read from 
the database system, and then the 3-D CAD program models the whole spine, 
running the command file, by editing the appropriate parameters of the 
initially modelled vertebra. 
As another objective of this research, a detailed literature survey is to be 
completed based on the quantitative three-dimensional (3-D) surface geometry 
of the human spine in order to collect relevant data for this research. The 
existing quantitative studies are classified with respect to the investigated 
region of the spine and the population where the spine data is gathered from. 
Vertebral dimensions of a physical spine model are to be measured with a 3-D 
coordinate machine, in order to recover some unknown vertebral dimensions, 
which are not included in the previous published datasets. In addition to 
quantitative anatomy studies, several biomechanical spine models need to be 
examined from the literature to recognize the difference in modelling 
techniques used. The ergonomics and clinical studies are also to be inspected 
to comprehend the objectives of different research groups and to model a more 
flexible spine system for potential users. 
The parameterisation of the vertebrae is one of the objectives of this study. 
After gathering the available quantitative data from the literature, the vertebral 
parameters are to be prescribed in order to model the human spine. The 
minimum number of parameters needs to be defined to develop a realistic 
spine model, rather than parameterisation of every detail of the complex shape 
of the vertebra. The physical shape of every feature is investigated separately 
to accurately define the related parameters. The clinical significance of these 
parameters is also to be considered as the pedicle and vertebral body shapes 
3 
Chapter 1 Introduction 
and sizes are important for the internal fixation device design and vertebral 
body fracture investigation, respectively. 
A data acquisition and generation system is to be generated for scientists for 
the determination of the measured dimensions of the available vertebrae and 
prediction of the unknown vertebral dimensions, depending on the relations 
between the parameters, which are estimated from the existing 
anthropometrical studies in the literature. A predictive methodology needs to 
be developed according to the nature of relations within the spine system. This 
method comprehends the relations between the parameters within a vertebra 
and between each parameter within consecutive vertebrae correspondingly. 
The correlation method is to be used in order to figure out the strength of 
relationship between the parameters. 
The validation of the developed 3-D human spine model is to be carried out by 
comparing the developed model with the existing models in the literature. 
First, a computerized tomography (CT) scan of the whole spine model is used, 
where parameters are measured from the 3-D solid CT model. The entire spine 
is modelled in the 3-D spine generation system and compared against CT-scan 
model. The geometrical differences are analysed to validate the model. 
Secondly, a physical model of the whole spine is measured to obtain the 
vertebral parameters, which are predicted depending on the dimensions of fifth 
lumbar vertebra. The differences between the predicted results and measured 
dimensions are compared for validation purposes. Once all the dimensions of 
the physical spine model are defined, then the 3-D model of the spine is 
generated. Finally, The X-ray pictures of a subject are taken from the lateral 
view for validation. The available dimensions of each vertebra in the 
transverse plane are measured from the digitised X-ray images, which are then 
compared to the predicted values of the data generation system to confirm the 
system achievement. 
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1.3 Scope of the Research 
The scope of the research involves a 3-D geometrical solid model of the whole 
human spine based on parametric modelling techniques and a framework 
which combines the 3-D solid model in conjunction with a novel data 
acquisition code for determination of the parameters and generation of 
necessary spinal components. Data acquisition and generation system 
embodies a predictive methodology, which produces essential data for 
constructing the vertebrae according to the nature of relations within the spine 
system. The model and the framework are verified by comparing model 
outputs against a physical model, CT scanned data, and X-ray images. 
1.4 Thesis Outline 
Basic terminology of the anatomy is detailed in Chapter 2. A detailed review 
of the vertebrae and spinal regions of the human spine is specified. Spine 
measurement methods have been explained within two sections as direct 
measurement methods and medical imaging methods. 
Chapter 3 reviews the mathematical human spine models that have appeared in 
the literature in order to understand the development of geometrical models 
used in different researches. The models are examined in two subsections. The 
first section is devoted to whole spine models and the second section is 
dedicated to partial spine models. 
In Chapter 4, the vertebra is parameterised according to its clinical and 
mechanical behaviours. The quantitative anatomy studies that have appeared 
in the literature is reviewed for better understanding of the presented 
parameters. 
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Data acquisition and generation algorithm generated to predict the vertebral 
dimensions are considered in Chapter S. The reference datasets employed 
throughout the research are reviewed in this section. Linear spinal parameters 
of the vertebra are defined to establish the relations within a vertebra and 
between vertebrae. 
Chapter 6 covers the golden ratio investigations on the vertebral parameters 
and discusses its implementation into the framework algorithms. 
The development of a geometrical solid model of the human spine is described 
in Chapter 7. The chapter initially explains methods to construct the 3-D solid 
model of a generic vertebra and full human spine afterwards. The algorithms 
derived for orientation of each vertebra in absolute space is also considered in 
this chapter. 
The structure of the proposed framework is explained in Chapter 8. The pre- 
processor and post-processor units of the system are introduced. The process 
hierarchy of the system is described in detail. 
The system validation and evaluation results are reported in Chapter 9. In this 
chapter, three case studies have been implemented. CT-scan human spine 
model was assigned as the first case study. The dimensions of the model were 
used to validate the proposed system. The dimensions data gathered from the 
physical spine model and X-ray pictures of spine were applied as the second 
and third case study for validation, respectively. 
Finally, Chapter 10 summarises the significant outcomes of the presented 
research and the future works to improve the existing thesis. 
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CHAPTER 2 
Spinal Anatomy 
The human spine is a biomechanical structure that performs some vital 
functions of the body. The fundamental function of the spine is to conduct the 
loads and resulting bending moments caused from the head, trunk and any 
weight to the pelvis and to supply the motions of the head and trunk. The most 
important function of the spine system is the conservation of the spinal cord 
from any damage caused by inside and outside forces. 
The sub-systems that built up the human spine are composed of five parts; 
vertebrae and sacrum, spinal ligaments, spinal muscles, intervertebral discs, 
and spinal cord. The spinal column starts at the base of the skull and ends at 
the pelvis. The vertebrae and the intervertebral discs stack vertically one on 
top of the other in the spinal column. The intervertebral discs between 
vertebrae absorb and distribute shock and keep the vertebrae from crushing to 
each other during movement. The ligament is a uniaxial structure that provides 
tensile resistance to external loads by developing tension when the spine is 
subjected to altering loadings. The muscular system supplies the activations 
and mechanical stability of the whole system. The spinal cord forms the 
central nervous system with the brain that stimulates movements of the human 
body. 
This chapter is dedicated to the basic understanding of the spine's anatomy 
and its functions. The complex and remarkable anatomy of the spine is 
overviewed in a straightforward manner. Section 2.1 summarizes the basic and 
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relevant terminology of anatomy. Section 2.2 is divided into three sections that 
review the structure of the vertebrae for different spinal regions in detail. 
2.1 Basic Terminology of Anatomy 
In anatomical studies, either planes or axis define the orientation of the parts. 
The 3-D human body can be reduced to 2-D by planes in order to make this 
complex system more understandable. The basis for all anatomical 
terminology is the "anatomical position" (Figure 2.1), which is standing erect, 
facing forwards, big toes together and with the palms facing forward. The 
following terms relate to this position and apply whether the person is lying on 
their back or abdomen, or is in some other posture. 
Anatomical planes of the body are shown in Figure 2.1. There are 3 main 
planes used in anatomy. Planes are used to describe movement of the parts of 
the body. The plane that divides the body into a right and a left half is known 
as the median or the sagittal plane. The other plane that divides the body into a 
front and a back half is called coronal or frontal planes. Finally the body is 
divided into upper and lower portions by horizontal or transverse plane. 
Sagittal, frontal and transverse planes are orthogonal, i. e. perpendicular to one 
another. 
Anatomical directions are very useful terms like anatomical planes in order to 
describe the relationship of structures within the body. Anterior means the 
front surface of the body or structure. Posterior refers to the back surface of 
the body and towards the back of the body. For example, the spine is posterior 
to the heart and the heart has a posterior surface. Superior is the upward 
surface. Inferior means the downward surface. Medial means towards the 
middle or towards the median plane. Lateral is the opposite of medial that 
means away from the middle or away from the median plane. 
Anatomical planes that are defined above help to understand the particular 
area of the anatomy, whilst the anatomical axes are used to describe axes 
8 
Chapter 2 Spinal Anatomy 
about which rotation movements take place. Anatomical axes are like skewers, 
which pass through the body. One of them is the hori: onta! (transvverse) axis 
that is perpendicular (at a right angle) to the longitudinal axis and runs from 
left to right. Longitudinal axis is a vertical axis through the body in the upright 
position. The sagittal (antero posterior) axis runs from front to back which is 
why it is also know as antero-posterior axis. This axis is perpendicular (at right 
angles) to the other 2 axes (see Figure 2.1). 
Superior 
Posterior Left 
Right Anterior 
Inferior 
Transverse 
(Horizontal) 
Plane 
Longitudinal 
/Axis 
Sagittal 
(Median) 
Plane 
FIGURE 2.1: Anatomical planes of the body (adapted from 
www. spineuniverse. com) 
The complicated movements during the daily activities can be classified by 
four types of movements of the torso (trunk). The forward movement of torso 
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in the sagittal plane about transverse axis is called as flexion. The opposite 
movement is the extension of the body. Lateral bending is the movement of 
torso to the left and right side in the frontal plane. Twisting movements are the 
rotation activities of the body around the longitudinal axis. The movement 
types are shown in Figure 2.1. 
2.2 The Vertebral Structure 
The spine has four natural curves. Two are lordotic (convex) and two are 
kyphotic (concave). The cervical and lumbar curves are lordotic. The thoracic 
and sacral curves are kyphotic, as shown in Figure 2.2. The curves help to 
improve the shock absorbing capacity of the spine, and sustain adequate 
stiffness and stability at the intervertebral joint level. The bony part of the 
human spine is made up of 24 moveable segments called vertebrae. 
There are various common anatomic features on vertebrae (except first and 
second cervical vertebrae). As seen in Figure 2.3, every vertebra has a massive 
vertebral body which extends the cross sectional area to withstand the applied 
loads. The superior and inferior surfaces of the vertebral body are slightly 
concave, which are called end plates. Extending posteriorly from the sides of 
the vertebral body are the pedicles. The pedicle at each side supports a lamina. 
The lamina and the pedicles form the spinal canal, through which the spinal 
cord passes. Transverse processes projecting laterally from the pedicles serve 
as sites for muscle attachments. The spinous process posterior edge forms an 
extra extension on the skin that can be felt along the midline of human back. 
Like the transverse processes, articular processes arise at the junction 
connecting the pedicles and lamina. 
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Cervical 
(Lordotic) 
r ýa 
Thoracic 
(Kyphotic 
Spinal 
Curves 
Lumbar 
(Lordotic), ' 
Sacral 
(Kyphotic) 4 
Coccygeal 
FIGURE 2.2: The vertebral column (Martini & Bartholomew, 2000). 
Superior and inferior facet pairs are the surfaces where two adjacent vertebrae 
meet so that loads are transmitted through facets in movements like extension, 
lateral bending or twisting. Intervertebral 
, 
foramina between adjacent 
vertebrae permit the passage of nerves running to or from the enclosed spinal 
cord. Although all vertebrae have many similar characteristics, some regional 
differences reflect variations in function. 
Cervical 
Thoracic 
Spinal 
Regions 
Lumbar 
Sacral 
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Vertebral 
Facet 
Body Spinuus 
Process 
Articular 
Processes 
Transverse 
Process 
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Pedicle 
Intervertebral 
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FIGURE 2.3 Common features of a typical vertebra. 
There are seven major ligaments l und in the spine as presented in Figure 2.4. 
A ligament is composed of fibrous bands and connective tissue that connect 
two or more bones, cartilages or structures together. One or a group of 
ligaments provide stability to the spine during resting or movement. The main 
role of the spinal ligaments is to prevent excessive movements such as hyper 
extension or hyper flexion during movement. In addition to that some 
movements are prevented in some directions as well. Like ligaments, muscles 
are the supporting structures of the spine system. The main role of the spinal 
muscular system is to provide stability of the trunk in a given posture, and to 
produce movements during physiologic activity. The spinal muscles have 
various biomechanical functions. Through their activity they generate body 
movements by inducing bending moments and torques. By the same 
mechanism, they also perform tasks and resist external loads. Most 
importantly, they supply dynamic stability to the spine where very little exists. 
Two mechanical characteristics, which are essential to provide these 
physiologic functions are to generate force isometrically as well as with 
changing length, and second, increasing the stiffness of the spinal system 
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(ligamentous column and the surrounding musculature), thus increasing 
stability. 
ansverse 
Ligament 
Facet 
Caps 
Ligam 
Inters; 
Ligam 
Posterior 
igitudinal 
Lioament 
Supraspinous 
Ligament Anterior ngitudinal 
Ligament 
FIGURE 2.4: Major ligament types of the spine. 
2.2.1 The Lumbar Spine 
Five lumbar vertebrae, referred to as L1 to L5, form the abdominal portion of 
the spine (Figure 2.5). The lumbar spine can be grouped into three different 
regions according to their different characteristics. The upper region, from 
thoracic to lumbar, can be characterized best by a narrowing of the spinal 
canal depth from Ll to U. The middle lumbar region can be distinguished by 
a relatively narrow spinal canal at L3. Other differences of L3 are the greatest 
end-plate areas and longest spinous process lengths. The lower region is the 
transition zone from lumbar to sacral, is most evident by distinct enlarging of 
the spinal canal from L3 to L5. The greatest pedicles size is another 
characteristic of this region. 
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FIGURE 2.5: Anatomical features oi'a typical lumbar vertebra. 
2.2.2 The Thoracic Spine 
12 vertebrae in the region of the chest are called thoracic vertebrae (Figure 
2.6). Starting from the bottom of the cervical vertebrae to top of the lumbar 
vertebrae, these are referred to as TI to T12. Two ribs are connected to 
transverse process ends at each thoracic vertebra, which restricts the 
movement, one on either side. All the ribs and thoracic vertebrae together 
form the thoracic cage, which surrounds and protects the heart and lungs. The 
thoracic spine can be divided into three different regions in terms of its 
anatomy. The narrowing vertebral body and spinal canal width is the common 
characteristic of the upper region vertebrae from cervical to thoracic. The 
narrowing vertebral body surfaces and spinal canal is the distinguishable 
physical differences of the middle thoracic region from T4 to T9 or T10. 'Ehe 
lower transition zone, from thoracic to lumbar, is most obvious through a 
distinct enlarging of the spinal canal area from T10 to T12 (Panjabi et al. 
1990a). 
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FIGURE 2.6: A typical thoracic vertebrae and its features. 
2.2.3 The Cervical Spine 
There are seven vertebrae in the neck called cervical vertebrae. These are 
referred to as Cl to C7, from the bottom of the head to the top of the thoracic 
vertebrae. A typical cervical vertebra is seen in Figure 2.7. The body of the 
vertebra in the cervical spine is relatively small compared with the size of the 
spinal canal. At this level the diameter of the spinal cord is largest, decreasing 
top to bottom. Distinctive features of typical cervical vertebrae can be 
summarized as, an oval, concave vertebral body, a short spinous process with 
a notched tip, round transverse foramina within the transverse processes. 
These foramina protect important blood vessels supplied to the brain. 
The cervical region can be divided into two different regions, hence the 
dimensions of C6 and C7 are significantly larger than the superior vertebrae 
due to their greater load bearing role. C7 also have distinct characteristics, 
which represents the transition to the thoracic region. The spinal canal width to 
depth ratio, transverse process width and spinous process length are much 
greater than C6 and above vertebrae. 
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FIGURE 2.7: A typical cervical vertebrae and its features. 
The first two vertebrae in the cervical spine have unique characteristics that 
allow for specialized movements, as seen in Figure 2.8. The skull sits on to 
Cl. the Atlas. The second cervical vertebra, C2, is called the Axis. They have 
large facet surfaces for articulation with the occipital condyles of the skull. 
The articulation between the occipital condyles and the atlas permits nodding 
and prevents twisting. The atlas forms a pivot joint with the axis (C2) through 
a projection on the axis called as dens. 
_. ý 
Dens Ligament 
Ailas .1 
--, 
4- 
J Axis IC 
A-! 
a'lu 
FIGURE 2.8: The atlas, Cl, and axis, C2 (Martini & Bartholomew, 2000). 
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2.3 Spine Measurement Methods 
The quality of the quantitative geometric information provided from the 
measurement of human vertebra depends on the superiority of the chosen 
measurement method. In addition to the quality of the measurement method, 
human factors also affect the consistency of the measurements. In the first type 
of measurements that is called as "direct measurements", human factor has 
more influence on the measurement results. The second type of measurements 
is more independent from the human factors, since the quality of the 
equipments is more accurate. However, the technician of these measurement 
processes must be more experienced than the first type of measurement. 
2.3.1 Direct Measurements 
Direct measurements methods are acquired with in vitro measurements. The 
cadaver specimens are widely used to quantify the dimensions of the 
vertebrae. There are two kinds of direct measurements; measurements taken 
with vernier caliper and goniometers, and 3-D digitiser or morphometers. 
2.3.1.1 Vernier Caliper and Goniometers 
Measuring vertebral dimensions with vernier calipers and goniometers would 
be the oldest technique used by researchers (Berry et al 1986, Scoles et al 
1988, Kim et al 1994 and Ebraheim et al 1995). These are the conventional 
measurement devices still used in the industry. The vernier calipers are used to 
measure the linear dimensions. The goniometers are the devices to measure 
angular parameters. The precision of vernier calipers and goniometers are 
around 0.01 mm and 1 °, respectively. For the sake of consistency, it is more 
reliable to complete all measurements with the same observer to obtain more 
precise results. 
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2.3.1.2 Three Dimensional Digitiser or Morphometer 
In order to measure the 3-D location of a point on a vertebra, 3-D digitisers or 
morphometers are widely used in the literature (Panjabi ei al I990a, I990b, 
1991, Tan et al 2003 and Kim-Kheng Lee ei al 2002). These instruments have 
direct contact probes with accuracy around 0.01 nom. The instrument is 
generally connected to a computer for direct data collection and processing 
(see Figure 2.9 (a)). 
The dimensions are calculated from the distances between the measured 
points. The device and the vertebra must be carefully setup before the 
measurements. The specimens must be clamped to a fixed device to secure the 
vertebra from moving. The 3-D coordinates have to be obtained without 
repositioning of vertebra and instrument. This ensures the consistency in the 
data collection. The setup has to allow the measuring instrument to access the 
vertebra conveniently. A set up for the lumbar vertebra measurement with 3-D 
digitiser is shown in Figure 2.9 (b). 
TM 
414 
:. ý 
Point Probe 
Lumbar Vertebra with Threaded M al ked Cross-sections Rod 
Vice 
Clamp 
(a) (b) 
FIGURE 2.9: (a) A 3-D coordinate measurement instrument and (b) a set-up 
for 3-D digitiser (Kim-Kheng Lee et al 2002). 
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2.3.2 Medical Imaging Methods 
There are mainly three well known methods for medical imaging of the human 
spine. The magnetic resonance imaging (MRI) and computed tomography 
(CT) method are newly developed techniques when compared to the 
conventional X-ray method. Although every method has its own advantages 
and disadvantages, these three methods are still widely used in measuring the 
vertebral parameters of the spine. 
2.3.2.1 Radiography (X-ray) 
Radiography (X-ray) is the oldest and most frequently used form of medical 
imaging by many researchers (Nissan & Gilad 1984, Zindrick et al 1986 and 
Lim et a! 2004). X-rays can produce diagnostic images of the human body on 
film or digitally on computer screen. Radiography is the fastest and easiest 
way for a physician to view and assess broken bones, joint or spine injuries. 
Measurement of disc height, vertebral height and vertebral displacement from 
lateral radiographs could be performed for quantitative analysis of the spine. 
Radiography equipment consists of a large, flat table with a drawer that holds 
a tray into which an X-ray film cassette is placed. The apparatus that is 
suspended over the table holds the X-ray tube that can be moved over the body 
to direct the X-ray (see Figure 2.10). 
During treatment a small dose of radiation is exposed to a part of the body to 
produce an image of the internal organs. X-rays are absorbed in varying 
amounts by different tissues when they penetrate the body. For example, 
vertebrae are dense and will block much of the radiation, therefore appear 
white or light grey on the image (see Figure 2.11). Soft tissues will appear 
darker since more radiation can pass through it to expose the film (liver, lungs, 
etc. ). 
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FIGURE 2.10: A radiography equipment. 
FIGURE 2.11: An X-ray film of the lumbar region. 
There are various attempts in the literature to measure the different parameters 
of the vertebra from X-ray pictures. However, disc height, vertebral height and 
depth of the lumbar spine could only be performed with limited precision. This 
deficiency was due to distortion of the radiographic image in central projection 
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of the X-ray apparatus. Precise measurement of these parameters will be valid 
only if the confounding influence of image distortion and unknown exposure 
geometry can be eliminated or at least minimised. The measurement of 
vertebral parameters from X-ray pictures becomes more reliable as the 
development of powerful computers and image processing techniques 
eliminate these limitations (Figure 2.12). In one of the studies, Pomero cl a/ 
(2004) proposed an image processing algorithm for 3-D reconstruction of the 
scoliotic spines from X-ray images of the patients. The presented approach is 
based on the information from the radiographs combined with the knowledge 
obtained from the quantitative anatomy databases. 
;:. zý, 
`n _! 
FIGURE 2.12: An image processing technique used to define vertebral 
parameters (Antani et al 2003). 
2.3.2.2 Magnetic Resonance Imaging 
Magnetic resonance imaging uses radio waves and a powerful magnetic field 
to produce clear and detailed images of the human spine. This procedure has 
improved ability to visualise normal and diseased tissue in the spine. It is 
possible to detect a bulging, degenerated or herniated disc that causes the back 
pain. 
MRI units have a closed, cylindrical shaped compartment in which the patient 
must lie lasting in several minutes (see Figure 2.13). The sectional views or 
slices are obtained in different planes from two to six imaging sequences. The 
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sections are often about a quarter-inch apart from the spinal column to get 
detailed pictures of the soft tissues. The images can be stored digitally or 
printed on film like X-rays. One of the digital films is shown in Figure 2.14. 
., 
ý 
FIGURE 2.13: A MRI equipment. 
MRI images are also used to measure the desired parameters of the vertebral 
body and discs in the sagittal plane. Although the quantity of the information 
collected from the MRI and the X-ray are the same, the quality of the 
information gathered from the MRI is better and reliable than the X-ray image. 
The high cost of the equipment and need of highly experienced radiologist are 
the disadvantages of the MRI systems. 
FIGURE 2.14: MRI picture of the lumbar spine in lateral plane. 
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2.3.2.3 Computed Tomography 
Computed tomography is a new and improving technique used for the spinal 
researches in the recent years (Shin et a! (2000), Zhou el a! (2000), 
Yoganandan et al (2003), Barrey ei al (2003), and Chadha el ul (2003)). 
Computed tomography or better known as CT scan of a spine is assessed with 
the equipment called scanner that obtains multiple images of the spinal column 
in anatomic planes. The collected images are processed with a method called 
spiral CT. After this operation, the cross-sectional slices of the area of interest 
are combined to construct the 3-D solid model of the vertebrae (see Figure 
2.15). 
FIGURE 2.15: The CT-scan equipment. 
The images can be examined on a computer monitor or printed like 
conventional X-ray images. CT-scan images are the most detailed images 
compared to the other medical imaging techniques. Furthermore, CT-scan is a 
very useful diagnostic method to distinguish between different parts of the 
spine system at the same image (bone, muscle, blood vessels etc. ). 
In comparison to other imaging methods, the biggest outcome of the CT-scan 
method is to obtain the 3-D imaging of the spine, as shown in Figure 2.16. All 
of the parameters of the spine can easily be measured from these images. The 
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3-D images can be imported to solid models that can be used in mechanical 
analysis of the spine. 
There are several disadvantages of the CT scanning of the spine in terms of' 
procedure. The main disadvantage of the CT scanning technique is to involve 
exposure to potentially harmful radiation, like all X-ray procedures. The 
involved radiation doses are lower than those used in some general X-ray 
exams but higher than in others. It is not recommended for pregnant women 
and young children should not have repeated CT studies, as well. In order to 
obtain and interpret medical images, a specially trained physician is required. 
The process is expensive compared to the other methods. In addition to the 
technical disadvantages, CT scan models have a number of disadvantages in 
terms of generated models. As the main disadvantage, a model generated from 
CT scan does not have the potential and flexibility for reconstruction or 
modification. Fach model represents a specific human spine that belongs to a 
specific subject. It is not possible to modify or change the dimensions of' the 
vertebrae to utilize for different inspections. Secondly, the constructed models 
are so sophisticated that it contains every detail of the vertebrae. It is it 
disadvantageous situation if the researcher investigates the specific region of' 
vertebrae and do not require such details. These complicated surfaces may 
lead to unexpected problems when exporting the solid model to the other 
software and transferring the model into mechanical models. 
FIGURE 2.16: The 3-D CT-scan model of the lumbar spine. 
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Computational Human Spine Models 
There are numerous human spine models in the literature that were developed 
and widely used by researchers who investigate the biomechanics of spinal 
injuries or aim to provide an ergonomic environment for the human spine. In 
the early attempts, the human spine was idealized as a beam or continuous line 
that reduces the geometric complexity of the system (Cramer et al. 1976). The 
rapid enhancement in powerful computers accelerated the development of 
human spine models. 3-D geometric human spine models become a widely 
used tool in spinal research since they are more detailed, realistic and 
biofidelic (Pitzen et al., 2002) than the mathematical models. These geometric 
models are easily transferred to mechanical models in computer environment 
and then analysed for different loading conditions via finite element (FE) and 
multi-body methods. 
Although the 3-D geometric models are widely used in spinal investigations, 
these models are generally constructed from a typical spine. It is difficult to 
adapt geometric variations from one specimen to another as the geometric 
model can not be modified. The parametric modelling technique is the solution 
to that problem, which introduces the idea of developing human spine model 
using parameters. However, defining the parameters is not adequate enough. 
Moreover, parametric modelling is a method of linking dimensions and 
variables to geometry in such a way that when the parameter values change, 
the geometry updates accordingly. 
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In this chapter, a detailed literature survey was accomplished to understand the 
characteristics of human spine models. The reviewed models provide a good 
understanding for computational human spine modelling. These studies will be 
useful to understand the idea beneath the development of the 3-D parametric 
geometric models of the spine and their contribution to the spinal research. 
The human spine models can be classified into two groups according to the 
modelling technique used; 
> Mathematical Models (continuum, two pivot and analytical) 
> Finite Element (FE) Models and Multi-Body (discrete parameter) 
models. 
After the revision of the computational human spine models, the parametric 
human spine modelling attempts are reviewed in detail. The advantages and 
disadvantages of the early parametric models are explained and discussed. 
3.1 Mathematical Human Spine Models 
The early human spine models are continuum, discrete and analytical models 
that are generally called as mathematical models. These models are based on 
the simplified geometry of the spine to reduce the complexity of the problem. 
The geometric complexities of the vertebrae generally are not considered in 
these models; the vertebral column was usually represented as a complete 
deformable structure, generally as a beam, with its overall length and 
coordinates, which seize the position and orientation information of the spinal 
column. The reduction in geometrical complexity decreases the number of 
geometric parameters defined within the model. The main interest in the 
mathematical models is to find out the response of the spinal system to varying 
static and dynamic loadings for specific problems (lifting, impact situations, 
and pilot ejection problems). Therefore the main focus of the researchers has 
been to resolve relatively simpler mechanical problems rather than generating 
more complex models with more parameters and investigating the problem for 
varying geometries. 
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Although numerous mathematical models were investigated throughout this 
study; the most popular papers such as Aspden 1988, Monheit & Badler 1991, 
Crisco III & Panjabi 1992, Li et al. 1991, Granata & Wilson 2001, Adler et al. 
2002 and Keller et al. 2002, are reviewed here. 
In an early mathematical model of Schultz & Galante (1970), the vertebral 
column was assumed as a 3-D collection of rigid bodies interconnected by 
deformable or fixed length elements. The vertebral body, spinous and 
transverse process and articular facets were defined by points in 3-D space. 
The displacement of every feature with respect to each other in consecutive 
vertebrae described the movement of the vertebral column. This early 
mathematical model proved to be a reasonable representation of a real spine in 
extension, flexion, lateral bending and axial rotation. 
A different perspective is provided by discrete parameter models that are 
capable of representing the local kinematics of the individual vertebrae. 
Although discrete parameter models are usually designed for general purpose 
use, they were primarily employed to simulate occupant kinematics during 
various automotive crash scenarios. The generated discrete parameter models 
were more comprehensive than the continuum models as they involved 
additional anatomical information of the vertebrae and intervertebral discs. 
Orne & Liu (1971) presented a two dimensional discrete parameter model to 
investigate various impact situations as shown in Figure 3.1. The model was 
capable of demonstrating shear and bending deformations as well as 
compression of the discs. The curved shape of the spine, the variable size and 
mass of the vertebrae and discs were considered. The vertebral and disc 
heights, which were gathered from anthropometrical studies, were included in 
the calculations of the equations of motion. The pilot ejection problem was 
investigated and the results showed that the bending deformations of the spine 
significantly affected the response of the whole body. This bending 
deformation explains the anterior edge fracture of the vertebrae in pilot 
ejecting systems. 
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FIGURE 3.1: Discrete parameter model of spine (Orne and Liu, 1971). 
Soechting & Paslay (1973) constructed a continuous two dimensional model. 
They investigated the motion of spine of a passenger wearing a seatbelt but no 
shoulder strap when travelling with constant velocity. The influence of the 
musculature on the motion of the torso was investigated in vehicular crash in 
the sagittal plane. The spine was modelled as very flexible elastic bean. A 
simplified model of human spine was developed in which the abdominal and 
erector spinae muscles were included. In this simplified model, two geometric 
parameters of the spine were included; the length of the spinal column and the 
width of the spinal column. 
Andriacchi et al. (1974) developed a 3-D mathematical model (Figure 3.2) 
which studies mechanical interactions between the thoracolunmbar spine and 
the rib cage. The bony elements were modelled as rigid bodies while the discs, 
ligaments and costal cartilages were modelled as deformable bodies. The 
geometry of each vertebra, which was taken from Belytschko et al. (1973), 
was defined by 16 points. The vertebral body, transverse and spinous 
processes and articular facets were defined by number of points, which were 
measured from cadavers. In this study, 4 additional points were placed on 
every thoracic vertebra to define the rib articulations. The results indicated that 
the rib cage play an important role in the bending response of' the vertebral 
column. 
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FIGURE 3.2: Computer generated views of lumbar spine 
(Andriacchi et al. 1974). 
Continuum models are possibly the simplest form of the human spine, treating 
the spinal column as a homogeneous material subjected to various loads and 
boundary conditions. In an early study, a two-dimensional continuum model 
of the whole spine was developed by Cramer et al. (1976). In this study, the 
spine was considered as a curved homogeneous beam-column which was 
subjected to a distributed eccentric inertial loading of the human torso. Cramer 
et al. investigated pilot ejection situation for an acceleration force of 10 g 
applied to the pelvis. In the model, the distributed trunk weight was applied to 
the vertebral body centres, which were defined by the lateral and axial 
coordinates. The axial and shear force and bending moments were calculated 
with the configuration of the spine at different velocities. The configuration 
history is shown in Figure 3.3. The obtained results were in agreement with 
the pilot ejection data. 
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FIGURE 3.3: The configuration time history of the spine (Cramer et al, 1976) 
Lindbeck (1987) also produced a static continuum two dimensional beam 
model of the human spine. The model was used for the analysis of scoliosis 
and the study of a spine loaded asymmetrically in the frontal plane. The spine 
modelled as an anisotropic beam subjected to static forces. The forces were 
applied in the frontal plane. The rigid body above level T7 was the stiff part of 
the spine that represents trunk, head, neck, upper limbs, and fixation apparatus 
(see Figure 3.4). Lindbeck concluded that the continuum model gave 
acceptable results when there was lateral deflection of the asymmetrically 
loaded spine in a muscle-relaxed state of equilibrium. 
(a) 
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FIGURE 3.4: (a) Model and (b) free-body diagram of the vertebral column 
(Lindbeck, 1987). 
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Noone et al. (1991) modelled the human scoliotic spine mathematically. The 
classical nonlinear curved beam-column theory was used. The authors 
integrated a reasonably representative muscle force system. Contraction of a 
muscle had been created by the application of equal and opposite forces to 
every node pair along the muscle line of action. The beam-column was 
assumed to be rigidly built in at its inferior end, but free to move without 
restraint at its superior end. The authors concluded that the non-linear 
continuous beam-column model had its part to play in the study of gross spinal 
mechanics. 
A scalable and deformable geometric model of the human torso was developed 
by Nussbaum & Chaffin (1996) as shown in Figure 3.5. The thoracic and 
lumbar motion segments, lumbar muscles, ribs, sternum, sacrum and pelvis 
were modelled to provide a complete geometric representation of the human 
spine. An early mathematical model was modified to allow for scaling to 
represent a quantitative representation of torso geometry to observe the effects 
of anthropometry and extreme postures. Some experiments were carried out 
with surface markers to validate the postural predictions. The results showed 
that linear scaling to subject specific anthropometry and the use of specific 
surface markers provided a precise and direct technique for describing spinal 
geometry. 
FIGURE 3.5: Geometric model of the human torso by 
Nussbaum and Chaffin, 1996. 
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Case et al. (1999) considered spine as an arch. In this modelling technique, it 
was assumed that loads were transmitted by compressive forces along the 
spine and normal compressive forces were lower than the crushing strength of 
vertebrae. It was also assumed that there was no sliding failure to occur. 
Within these assumptions, the stability under different loading conditions was 
determined with the thrust line, which should have been completely placed 
within the core of the arch spine. The width and height of each vertebra in the 
sagittal plane were considered since these geometrical parameters defined the 
core of the spine. The best fitting thrust line, which was the closest to the 
centre-line of the spine, was calculated using optimization techniques. The 
model was validated with the reported results in the literature. The loading 
system of arch model is illustrated in Figure 3.6. 
Body 
Weight 
1 External 
r Loads 
ýj Abdominal 
ý/ Pressure 
L 
Muscle 
Forces 
FIGURE 3.6: Different load types of the spine (Case et al., 1999). 
A mathematical model of the lumbar spine and muscles was developed by 
Patwardan et al. [2001]. A two dimensional, beam-column model was used to 
study the overall motion response of the whole lumbar spine in the frontal 
plane under the influence of gravitational and active muscle loads. In the 
model, five points were identified along the length of the column 
corresponding to the vertebral body centres of L1-L5 using the geometric data 
32 
Chester 3 Computational Human Spine Models 
in the literature. Patwardan et al. suggested that the ligamentous lumbar spine 
would support much larger compressive load than the vertical loads if it were 
applied along a path that approximated the tangent to the curve of the lumbar 
spine, which was called follower path (Figure 3.7). The study identified 
muscle activation patterns that maintained the lumbar spine model under 
compressive follower load, resulting in the minimization of internal shear 
forces and bending moment's simultaneously at all lumbar levels. 
I 
FIGURE 3.7: Schematic of the forces (Patwardan et al., 2001). 
3.2 Finite Element and Multi-Body Models of the Spine 
The development of powerful computers paved the way to analyse highly 
detailed models of the human spine. 3-D finite element (FE) models and multi- 
body models are the biomechanical models of the spine to be used in finite 
element analysis (FEA) and multi-body analysis. FEA has the capability to 
estimate the local and global stress and strain distributions in the vertebrae 
while multi-body analysis is used to simulate and investigate the kinematics 
and kinetics of the human spine. FE method (FEM) is much more detailed 
compared to the multi-body models due to the analysing technique used. 
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3.2.1 Finite Element Models 
Finite element analysis (FEA), pioneered by Zienkiewicz (1971), is probably 
the most appropriate analytical technique for analyzing highly detailed 
models. FEA is now a well-established means of mathematically modelling 
many problem types such as the stress analysis problems. Stresses in a body of 
almost any geometrical shape under various loads can be determined using 
finite element analysis. In the finite element models, each anatomical feature is 
divided into an adequate number of deformable elements, which holds the 
biomechanical and biological information of the feature. 
Two-dimensional early finite element models of the spine evolved into three- 
dimensional models of the spinal components due to the availability of the 
affordable and high-speed computing platforms. Nevertheless, it still takes 
very long time and lots of effort to analyse the whole spine due to the huge 
size of the system. Consequently, most of the 3-D finite element models focus 
on the specific regions or segments of the spine. 
Numerous FEA studies found in the literature were examined during this 
research such as the work of Kleinberger 1993, Dauvilliers et at. 1994, Huang 
et at. 1994, Bozic et at. 1994, Camacho et at. 1997, Yang et at. 1998, Lizee et 
al. 1998, Overaker et at. 1999, Cooper et at. 2001 and Jost & Nurick 2001. 
However, the most significant studies were reviewed below. 
Dietrich et al. (1991) presented a 3-D biomechanical model of the human 
spine system including the spinal column, skeletal elements and the muscles. 
The geometry of the vertebra was taken from the measurements of a non- 
degenerated spine therefore the results referred to the single spine (Figure 3.8). 
The vertebral body, pedicles, spinous and transverse processes, spinal canal 
and articular facets were defined within the model with simplified 
mathematical geometries. The resulting finite element model enabled static 
analysis of forces in the spinal system (muscles, vertebrae, ligaments, and 
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joints) and pressure in nuclei pulpous and in the abdominal cavity and also 
investigation of the influence of the shape and dimensions of the spine as a 
whole. 
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FIGURE 3.8: Model of the spinal column: (a) The spinal column 
(b) Thoracic vertebrae (c) Lumbar vertebrae (Dietrich et al, 1991). 
Kleinberger (1993) developed a 3-D finite element model of a human 
ligamentous cervical spine to study the mechanics of cervical injuries related 
to automobile crashes. The first thoracic and seven cervical vertebrae were 
modelled according to geometric properties gathered from the physical models 
and published quantitative data (Figure 3.9). All biomechanically relevant 
components were included in the model. The features of the vertebrae were 
modelled with simplified geometries. Although it was reported in the study 
that quantitative studies were used to model the features, the orientations of 
the facets and geometry of the spinous process appeared to be assumed. 
Despite all of these assumptions, Kleinberger reported that, axial compression 
results showed good agreement with the reported experimental data. 
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FIGURE 3.9: Complete finite element model of the cervical spine 
(Kleinberger, 1993). 
It is not surprising to have studies on lumbar spine more than any other region 
of the spine due to the fact that the lumbar spine supports the entire weight of 
trunk and subjected to loads and motions with different magnitudes, directions 
and time variations. Low back pain is the major problem both in employee 
disability and financial cost. Mechanical factors related to manual materials 
handling activities were identified as risk factors associated with low back 
pain. It is an important design consideration to keep the loads on the lumbar 
spine at a lower level in order to create safer and more efficient workplaces. In 
one of these studies, Shirazi-Adl et al. (1994) developed a three dimensional 
finite element model of lumbar spine to investigate the role of sagittal and 
lateral movements up to 15 Nm. In particular, the effects of changes in the disc 
fiber orientation and response of facet articulation was studied. A detailed 
geometrical representation of the lumbar vertebrae was constructed that is 
gathered from CT-Scan method (see Figure 3.10). 
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FIGURE 3.10: A typical lateral view of two segments with the middle 
vertebra removed. (Shirazi-Adl et al. 1994). 
In the model, each vertebra was simulated as two rigid bodies. The 
intervertebral discs were modelled as deformable bodies, which represented 
the mechanical properties of a non-homogeneous composite structure. At the 
end of the study, it was revealed that the merging of a computer assisted 
tomography and finite element modelling was an appropriate tool for the 
biomechanical analysis of the spine. 
Most of the researchers in the literature preferred to investigate thoracic spine 
with the lumbar spine rather than to investigate the thoracic spine alone. This 
is due to the pathological problems mostly occurring on both regions. It is also 
reasonable to investigate thoracic spine with the lumbar spine since the effects 
of movement of thoracic on lumbar spine can be examined under same task. 
The manipulative therapy is a widely used old technique to treat the spinal 
disorders by the application of antero-posterior (AP) forces slowly or rapidly 
to relaxed patient lying face down. Lee et al. (1994) modelled the responses of 
the patients' spine to AP loads by linear three-dimensional finite element 
method. The model includes the ribcage, thoracolumbar spine and pelvis with 
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their soft tissues as illustrated in Figure 3.11. The geometric properties of the 
model were taken from the previous studies or made by the direct measures 
from the cadaver specimens. In the analysis, the AP loads were applied to the 
most posterior point of the spinous process to simulate the forces exerted by 
the therapists on the spine. The model proved to be satisfactory for predicting 
typical linear zone responses to slowly applied AP forces in the mid to low 
lumbar region of normal subjects. 
ýýýý 
FIGURE 3.11: Anterior and lateral views of the bony elements of the 
complete model, with direction of the global axes (Lee et al. 1994). 
The structure of the human cervical spine and its injury mechanisms are very 
complex. As the connecting part between the head and the torso, the human 
cervical spine combines two important missions in its function, which are the 
motion of the head and protection of the spinal cord from injuries. 
Consequently, the general interest of research are mainly focused on the 
motion analysis of the head and neck complex for a better evaluation of the 
head injury risk and the determination of the biomechanical limits of the 
cervical spine components to assess injuries of these components and the 
spinal cord. A 3-D finite element model of the spinal motion segment C4-C6 
was developed (Figure 3.12) from 68 years old cervical spine cadaver by Teo 
& Ng (2001) to validate it against the published data under compressive 
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displacement, flexion and extension loading conditions. The geometrical 
coordinates were obtained by continuous digitizing technique, which collected 
data with 0. l mm intervals over the outer surface profile of the vertebrae. The 
resulting geometry of the bony structure of the cervical spine was high-quality 
and realistic. The results were limited by the lack of' realistic material 
properties of the soft tissues; however the predictions of the finite element 
model were reasonably good in nonlinear response of the lower cervical spine. 
FIGURE 3.12: Iso-posterior view of the C4-C6 finite element model 
(Teo & Ng, 2001). 
C4-C6 level of the lower cervical spine was also investigated by Kumaresan et 
al. (2001) to simulate the biomechanical effects of progressive disc 
degeneration. The CT images of a cadaver specimen were taken in coronal and 
sagittal planes in every 1 mm. to model the lower cervical spine. The finite 
element model of the cervical spine was anatomically accurate and 
geometrically nonlinear one. The results showed that the overall stiffness of 
the spine increased with increasing severity of the degeneration. Intervertebral 
disc bulge and annulus stress and strain decreased at the degenerated level. 
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Nabhani & Wake (2002) studied the mechanical causes of low hack pain. 3-I) 
models of the fourth and fifth lumbar vertebrae were developed by measuring 
the 3-D coordinate points of the vertebral surfaces and transferring these 
points to CAD environment to reconstruct the surfaces between these data 
points (Figure 3.13). Nabhani & Wake reported surface modelling, problems 
arisen while modelling the surfaces between measured data points. It was also 
reported that too much effort was spent on the refinement of imperfections of' 
the model surface once the model was created. 
FIGURE 3.13: Solid model oithe L5 vertebra (Nabhani & Wake. 2002). 
It has been observed that the anatomical shape and orientation of the facet 
joints are usually estimated or approximated in spine models while they are 
modelled with a CAD program. Zander et al. (2002) developed a FEM to 
determine the mechanical behaviour of the lumbar spine after mono and bi- 
segmental fixation. The spatial orientation of the facet joints was modelled 
according to quantitative anatomy studies existing in the literature with the 
aim of producing a more realistic model of the lumbar spine (Figure 3.14). The 
results showed no clear differences between two types of fixations. The 
mechanical behaviour of the spine was very sensitive to pretension in the 
bridged region of the vertebra. 
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FIGURE 3.14: FEM of the lumbar vertebrae (Zander et al, 2002). 
Pitzen et al. (2002) developed a bio-mechanically validated finite element 
model to predict the biomechanical behaviour of the human lumbar spine in 
compression. L3/4 segment was analysed in axial compression to predict the 
load sharing within human lumbar spine. The shape of the lumbar segment 
was generated from data obtained from the computer tomography (CT) scans. 
Due to the power of CT scanning technique, the created model consists every 
feature, including almost every detail of the vertebrae. However, it was not 
possible to edit the solid geometry once scanned since it was not a parametric 
solid model. The scanning process must be repeated again to analyse a 
different spine. After the construction of the geometrical model, a finite 
element model was generated with appropriate material properties of the 
vertebrae, as given in Figure 3.15. The results showed that the finite element 
model predictions of human lumbar spine were comparable to the results of an 
in vitro analysis. 
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FIGURE 3.15: Finite element model of a segment L3/4 (Pitzen et al., 2002). 
3.2.2 Multi-Body Models 
The kinematics of the human spine can be easily simulated by multi-body 
(discrete parameter) models. Geometry of multi-body models are less 
complicated then the FEM. Multi-body models are composed of 
uncomplicated rigid bodies connected through kinematic joints. These easy 
types of structures require less demand on computational power for analysing 
the models. Throughout the study, different multi-body model studies were 
examined from the literature (Merril et al. 1984, De Jager 1996, Van der Horst 
et al. 1997 and Winkelstein & Myers 2002). Several models are discussed 
below to highlight the multi-body modelling technique. 
Two dimensional discrete parameter models, which are subjected to forward 
accelerations, were extended to 3-D models. In one of these studies, Williams 
& Belytschko (1983) developed a three dimensional multi-body model of the 
cervical spine to characterize the dynamic behaviour of the spine under frontal 
and sideways impacts. The vertebrae Ti through Cl and the head were treated 
as rigid bodies and interconnected by deformable elements. The vertebrae was 
simplified and represented by the dashed lines, in Figure 3.16 (a), which was 
composed of vertebral body and the spinous process. The spinous process and 
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vertebral body were approximated as triangular and rectangular cross-sections 
in the sagittal plane, respectively. The facets were modelled as rectangular 
plates. The ligaments, muscles, intervertebral discs and facets, were modelled 
as deformable elements, which were used to represent soft tissue structures of 
the cervical spine, as seen in Figure 3.16 (b). The results were validated for 
both frontal and lateral impact situations by comparison with experimental 
results. Although the lateral impact results were particularly satisfying, the 
frontal impact results were severe due to three dimensional motions involved 
to the experiment. The results of the simulations stated that the response of a 
living subject was considerably different from the response of a cadaver 
subject, even under reasonably high accelerations. 
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FIGURE 3.16: (a) Cervical spine with rigid body representation shown by 
dashed lines. (b) Major muscle and ligament elements in the model 
(Williams & Belytschko, 1983). 
A multi-body model of the human head and cervical spine was also developed 
by Van Lopik & Acar (2002). This model was capable of simulating the 
dynamics of head and neck when frontal impacts occur in car collisions. The 
model consists of the head, seven cervical and first thoracic vertebrae 
interconnected by muscles, ligaments, discs and facets. The vertebrae were 
simplified representations of actual human vertebrae including vertebral body 
as a cubic geometry, spinous and transverse processes as cylindrical rods and 
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articular facet surfaces as square planes (see Figure 3.17). Although the model 
was defined with some parameters, the model was not modelled with the 
parametric modelling technique. Thus, it was not possible to update the 
dimensions and generate different cervical spine model. The results of the 
simulations with the developed model for frontal impact showed good 
agreement with the response corridors ol'human volunteer tests. 
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FIGURE 3.17: Isometric view of the human neck system 
(Van Lopik and Acar. 2002). 
3.3 Parametric Human Spine Models 
FEM and multi-body models are transformed from geometric models by 
adding mechanical and material properties to the original model. The 
geometric models are generally constructed based on typical vertebrae. This 
approach makes it difficult to account for geometric variations from one 
specimen to another. There are two options to achieve geometric variation of 
the model; to build the model from the beginning for each distinction or to 
generate a geometric model defined with parameters that can be edited. To 
build the model from scratch would be an extremely tiring and time 
consuming process if the complex shape of every vertebra is considered. The 
second option is more reasonable to generate unique spine models with less 
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effort. The parametric modelling task would require extra attention while 
generating the whole model. On the other hand, the researcher can save a lot 
of time while modifying the original model or generating a new model from 
the beginning. Nevertheless, it does not mean that every geometric model 
generated with some parameters can easily be modified; like the FEM and the 
multi-body models explained in the previous sections. Parametric modelling 
technique is necessary to acquire the relation between the parameters and the 
shape of the section that is parameterized. Otherwise any modification of the 
parameters would result in loss of the desired shape of the model. 
Lavaste et al. (1992) developed an uncomplicated 3-D parametric model of a 
lumbar vertebral segment. The generic model geometry was constructed using 
six parameters per vertebrae (Figure 3.18), which were based on digitized bi- 
planar X-Rays of 40 lumbar vertebrae of 8 lumbar spines. The model was 
parameterised in order to compare its behaviour to a specific tested vertebral 
segment and to understand the effects of geometrical factors on the mechanical 
behaviours of the vertebrae. 
FIGURE 3.18: The six parameters used to describe the vertebra 
(Lavaste et al. 1992). 
Different geometrical volumes were used to define the geometry of the 
different parts of a vertebra. A kidney shaped curve defined the section of 
vertebral body in the sagittal plane. The upper and lower articular processes 
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were represented by means of quarter cylinders. The spinous process and 
laminae were constructed using elliptic cylinders. The geometrical shape of 
the pedicle and transverse process was not stated in the paper. The geometry 
of the intervertebral disc was defined by the two adjacent endplates of the 
consecutive vertebrae. 
This preliminary model of Lavaste et al. (1992) was one of the earliest 
attempts of the parametric modelling of the human spine. The authors made a 
good point on the idea of parametric spine modelling. The model provided 
good understanding of the modelling technique used. In parametric modelling 
technique, it is more reasonable to develop the models with fewer parameters 
for reducing the complexity and time consumed. However, the parametric 
model of the Lavaste et al. is over simplified that it is not possible to model 
every feature of the vertebrae with six linear parameters of the outer 
boundaries. The linear dimensions were parameterised while the angulations 
of the vertebral features were not mentioned. 
Stepney et al. (1996) constructed a parametric geometric model of the whole 
spine with over fifty parameters. Essential 3-D coordinates of vertebral 
features were obtained from morphometric studies of a physical spine model. 
These points were transferred to a computer aided design (CAD) programme 
and then some quadratic and cubic curves were used to connect the coordinate 
points to generate generic model of the vertebrae for each region of the spine. 
Generic model of the lumbar vertebra is illustrated in Figure 3.19 (a). 
Furthermore, these sections were used as boundaries to generate the surfaces 
between them, which form the whole vertebra (Figure 3.19 (b)). The 
dimensions of different sections of features of each vertebra were well defined 
with their orientations. However, more than fifty parameters resulted in long 
interaction and modelling times. It becomes a time consuming process to 
change every parameter for every vertebra to develop another model with 
different dimensions. Besides all these disadvantages and advantages, the 
model is out of date and not available for users. 
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FIGURE 3.19: (a) Construction points and lines for vertebral body (b) A 
completed 3-D vertebra (Stepney et al. 1996). 
A 3-D geometrical model of the lower cervical spine was developed by 
Maurel et al. (1997) based on the parameterised model of Lavaste et at. 
(1992). The geometrical model became a mechanical finite element model by 
adding appropriate mechanical properties to the cervical components. The 
model allowed studying the influence of geometrical parameters on the 
mechanical behaviours of the lower cervical spine. The articular facets were 
modelled using 8 parameters, which defined the size and position of the facets 
on the vertebra as shown in Figure 3.20. The influence of posterior articular 
facet geometry was considered as their geometry appeared to be very different 
from those of the other spinal levels and as large inter-individual variability 
can be observed. Maurel et al. (1997) claimed that orientation of the facets 
with regard to the horizontal plane appeared to have a large influence on the 
`coupled rotation to principal rotation' ratio, notably in lateral flexion. This 
study also showed that some other geometrical parameters of the articular 
facets such as the large and small diameters of the ellipse, which represented 
the facets, did not seem to be important for the mechanical parameters that 
were studied such as mobilities and stiffness. One shortcoming for the 
developed parametric model was the lack of muscles. Model incorporated 
simplified ligament and disc properties and was validated against in vivo 
experiments, which were carried out devoid of muscles. 
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FIGURE 3.20: Geometrical parameters ofthe posterior articular facets. 
(Maurel et al. 1997). 
Thacker et al. (1999) developed a parametric cervical spine model to quantify 
the difference in risk of cervical spine injury between male and female 
aviators using numerical simulation and first principal models. In order to 
resolve the question of whether females are at greater risk than males during 
ejection, the random and systematic differences between male and female 
spinal biomechanics must be identified. The reported work was limited to the 
parametric modelling of C5. C5 was generated as a generic vertebra with 33 
parameters including angular ones (Figure 3.21). Values for the model 
parameters were measured for each of the eleven female subjects from 
appropriate views of the CT-Scan slice. The difference in risk of injury 
between male and female pilots will assist recommendation of design changes 
in ejection, seating, and helmet systems in order to reduce the risk to female 
aviators. 
The presented parametric spine model was a very biofidelic representation that 
includes all the features of the cervical vertebrae. However, the models were 
limited with the cervical spine, excluding the thoracic and lumbar spine. due to 
the research area of the institute. 
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FIGURE 3.21: Some parameters of the C5 vertebra. (Thacker et al. 1999). 
Ezquerro et al. (2004) modelled a parametric human lumbar spine to analyse 
the mechanical response of the human spine subjected to loads derived from 
human activity. The geometric model converted to a finite element model to 
run an optimization-based force prediction algorithm. Each vertebra was 
defined by a set of geometric parameters, up to 55 parameters for each 
vertebrae, which were measured from the radiographs and CT scans (Figure 
3.22). The vertebral body modelled with elliptic sections and the articulating 
facets were modelled with two cylindrical surfaces. The transverse processes 
and spinous processes were modelled with rectangular cross-sections. The 
lumbar discs were also included in the lumbar model. The model was 
validated against previous models, yielding good agreement with the 
published results. The authors concluded that the methodology proposed could 
be of great benefit to develop a model to study different surgical techniques 
used for the stabilization of the injured lumbar spine. 
The presented parametric model was a realistic and biofidelic model of the 
lumbar spine. On the other hand, the model was limited to a specific region of 
spine as in Thacker et al (1999). Thoracic and cervical regions are not 
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included in the model. Another problem was the number of parameters 
included in the model. It would be a long process to modify 55 parameters for 
each vertebra of the lumbar spine to model different spine for further 
investigation. 
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FIGURE 3.22: Main geometric parameters used for the reconstruction of the 
FEM geometry (Ezquerro et al., 2004). 
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CHAPTER 4 
Quantitative Three-Dimensional Anatomy 
and Parameterisation of the Vertebrae 
Although the basic design of the vertebrae in the various regions of the spine 
is usually similar, the size and mass of the vertebrae increase from the cervical 
vertebrae to the lumbar vertebrae. Since the dimensions and shape of the 
vertebral features affect the physical properties of the vertebrae, each 
particular vertebral feature must be parameterized with care to illustrate the 
physical properties. This will help to represent the solid model of the vertebrae 
with their physical and functional properties. In addition, the size and 
orientation of the features are important dimensions for the design of devices 
used for surgical processes. The surgical equipments are standardised and 
produced according to dimensions of the vertebrae. Hence the parameters of 
the features must be defined accordingly to assist the clinical procedures. 
Another objective in parametric modelling is to generate realistic spine models 
with smaller number of parameters. This will aid users for reduction in time 
for generation and modification of the whole spine. 
In this chapter the common parameters of a typical vertebra is represented. 
The quantitative anatomy studies in the literature are reviewed to understand 
the physical differences (size, shape) of these parameters throughout the spine. 
The material in Section 4.1 is divided into sections, one for each vertebral 
feature. The parameters of each feature are classified. The discussion of the 
chapter is presented in Section 4.2. 
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4.1 Parameterisation 
Parameterisation of the vertebrae is the first step in modelling human spine. 
The appropriate parameters will be defined in order to get a realistic model of 
the whole spine. In order to define the parameters of a vertebra, three 
important issues will be addressed. First, the parameters will be defined to 
guarantee that the resulting model will represent the modelled feature as close 
as its original shape. Secondly, the biomechanical function of the vertebral 
feature, such as the articulating role of vertebral facets, will be evaluated to 
define the parameters. Finally, the fast and easy generation and modification 
of the model will be assessed by retaining the number of defined parameters as 
small as possible. 
4.1.1 Vertebral Body 
When compared to the other features of the vertebrae, the vertebral body has a 
considerably large size that extends from cervical region to the lumbar region. 
In the frontal plane, the vertebral body appear as a compressed solid as the 
lateral faces are curved towards centreline of the vertebrae, as illustrated in 
Figure 4.1. Vertebral body end-plates are not parallel at all levels of a typical 
healthy spine; hence the end-plates have an inclination in the transverse plane 
and frontal plane. The posterior height is larger than the anterior height of the 
vertebrae, where the vertebral body can resemble a truncated wedge. At the 
posterior lateral face, the vertebral body has a kidney shaped recess. The 
thoracic vertebrae recess is larger than the lumbar vertebrae and almost 
disappears in the cervical spine. 
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FIGURE 4.1: Basic vertebral body parameters. 
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Some of the basic parameters of the vertebral body are defined consistent with 
the original shape of the feature (as shown in Figure 4.1). Eight parameters can 
be defined for every vertebra, which are the depths, widths and inclinations of 
the lower and upper end-plates and the posterior height of the vertebrae. The 
meanings of the mnemonics are presented in Table 4.1. 
TABLE 4.1: Reference table of nomenclature for vertebral body. 
Parameter Dimension Name 
---Fß-Wu Vertebral Body Width 
_upper 
end-plate 
Vß WI Vertebral Body Width 
_lower 
end-plate 
VBDu Vertebral Body Depth 
_upper 
end-plate 
V1DI Vertebral Body Depth 
_lower 
end-plate 
VBHp Vertebral Body Heigth posterior 
VBHa Vertebral Body Heigth 
_anterior 
Vßlut Vertebral Body Inclination 
_upper 
end-plate 
_ 
transverse plane 
Vßllt Vertebral Body Inclination 
_lower 
end-plate 
_ 
transverse plane 
Clinical importance of the vertebral body is arise from several reasons. Disc 
herniation and degenerative disc disease are the common clinical problems 
related to the intervertebral discs which have direct contact with the end-plates 
of the vertebral bodies of the consecutive vertebra. The size, inclination and 
condition of the end-plate surfaces are important factors when defining the 
source of back pain. Vertebral compression fractures are another clinical 
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problem which is highly related to the vertebral body height. Vertebral 
compression fracture occurs when the normal vertebral body is compressed in 
height. If the load on the vertebral body is exceeds its stability or inherent 
strength then the bone may collapse. The expected outcomes of the problem 
are pain, limited mobility of body and spinal deformity. Infrequently, the 
posterior part of the vertebral body may protrude into the spinal canal and put 
pressure on the spinal cord and nerves. 
Nissan & Gilad (1984) measured the vertebral dimensions and intervertebral 
spacing of cervical and lumbar spine from lateral radiograms of 157 Caucasian 
males. The relations between these parameters are presented for ergonomic 
studies. The data provided in the mid-sagittal view, which is an important 
aspect of conditions at work, associated with anterior and extensive 
movements. The measured parameters can be seen in Figure 4.2. 
VRnI, 
FIGURE 4.2: The geometrical model with 12 parameters. 
(adapted from Nissan & Gilad, 1984). 
The results showed that the upper and lower end-plate depths, VBDu and 
VBDI, increased in the cervical region from C2 to C7. The vertebral heights, 
VBHa and VBHp were decreased from C2 to C5, and then increased to C7. 
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The end-plate depths and heights were nearly constant in the lumbar spine. 
The heights were measured about twice the cervical size in the lumbar region. 
Some of the parameters, SPL_1, SPL_2 and a, were introduced to the literature 
for the first time. These parameters were good indicator for the size and 
inclination of the spinious processes when modelling the vertebrae. 
Berry et al. (1987) undertook 18 direct measurements from prepared 
Caucasian skeletal components, as shown in Figure 4.3. The aim of the study 
was to find the lack of information needed for geometric modelling of 
vertebrae, involving instrumentation for the lumbar (L1-L5) and thoracic (T2, 
T7 and T12) vertebrae. Vernier and outside dimension callipers were used to 
measure linear dimensions. The cadavers were belonged to 5 men and 5 
women. 
(a) 
(c) 
(b) 
FIGURE 4.3: Description of vertebral measurements taken from (a) sagittal 
(b) anterior and (c) superior views (Berry et al., 1987). 
Besides the main vertebral body parameters defined above, some extra 
measurements are taken in this study. The midline minor and major body 
diameter was measured as seen in Figure 4.5 (b) and Figure 4.5 (c), 
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respectively. Body height was measured along the frontal plane through the 
widest part of the body at the left and right lateral borders (Figure 4.5b). 
However the results showed that these body heights were not vital as the other 
parameters since there is no statistical signilicant difference Ibund between the 
dimensions. The anterior height was increased from 12 to L5, while the 
posterior height started to decrease in the lumbar region due to the curvature of 
the lumbar spine (Figure 4.4). 
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FIGURE 4.4: Vertebral body dimensions as a function of vertebral levels 
(based on Berry data). 
In some of the studies, the morphology of the vertebrae investigated at 
different vertebral levels rather than inspection of the whole thoracic and 
lumbar spine. Scoles et al. (1988) measured the TI, T3, T6, T9, T12 and 1-1, 
L3, L5 from the thoracic and lumbar region respectively. 25 male and 25 
female specimens were selected for review and published separately for both 
sexes. 3 different measurements were taken from vertebral body, I'BHu, 
VBWu and VBDu. Scoles et al found a good correlation between vertebral 
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body height and height of the individual. The correlation was strongest at T 12 
and decreases for the consecutive vertebrae through the skull and sacrum. The 
measured linear and angular dimensions are categorized according to gender. 
The males and females exhibit slight dimension differences. Nevertheless, it is 
not clear that this difference was related to gender or size of the subject. 
One of the most detailed quantitative three-dimensional swrfäce anatoniv 
studies of the whole spine was conducted by Panjabi cat ul. and published with 
a series of three papers (1990a, 1990b, 1991). Twelve fresh autopsy specimens 
of Caucasian subjects, eight male and four female, were studied. Two pointed 
rods were mounted into the vertebral body of each vertebra. These rods were 
used to establish a local vertebral coordinate system where the origin was at 
the centre of the upper end-plate (Figure 4.5a). The three-dimensional 
coordinates of all the points were obtained with the use of the morphometer, a 
specially designed instrument with linear and angular transformers. Each 
anatomic part was quantified in terms of a set of points, either spanning a 
surface or forming a contour (Figure 4.5 b, c). 
Y 
(a) 
2 
(b) (c) 
FIGURE 4.5: (a) Pin orientations and local vertebral frontal plane. Points 
used to define various anatomic structures (b) Rib articulations and pedicles 
(c) End-plate, transverse process, spinous process, articular facets, spinal canal 
(adapted from Panjabi et al., 1990a). 
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All the linear and angular parameters, which are explained above, were 
measured for the vertebral body. 'Ehe dimensional changes in the vertebral 
body are illustrated in Figure 4.6. It is clearly observed from the figure that all 
the linear parameters of the vertebral body, except VB/I1) in the cervical 
region, are in a significant decreasing trend from L5 to C3, except some little 
fluctuations at some levels. The widths of the lower end-plates are larger than 
the upper end-plates and the widths of the end-plates are always larger than the 
depths throughout the spine. The depths of lower end-plates were measured 
smaller than the upper ones between 1-2 to C3. The vertebral height is 
increased from L5 to L3 and then decreased remarkably from 1,2 to C'7. In the 
cervical region, VBHp remained relatively constant from C7 to C'3. Although 
these measurements provides important dimensions of the vertebral body, no 
measurements were undertaken for the kidney shaped recess existing on the 
posterior wall of the vertebral body and the concavity of the vertebral body 
lateral surface. 
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FIGURE 4.6: Vertebral body dimensions as a function of vertebral levels 
(based on Panjabi data). 
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Ross et al. (1991) investigated the vertebral dimension differences between 
different populations to identify the incidence of vertebral fractures. The 
anterio-posterior radiographs of Japanese- American women were taken from 
thoracic and lumbar region of the spine however only the vertebrae from T3 to 
L5 were clearly viewed and measured. The vertebral heights of Japanese- 
Americans were found to be 1 to 2 mm shorter than the previously reported 
Caucasians dimensions. It was concluded that further research was needed to 
explain the difference between the shapes of the vertebrae among these 
populations. 
Shin et al. (2000) investigated the anatomic variability in cervical pedicles, C3 
to C7. Although the main focus of the study was the qualitative analysis of the 
cervical pedicles, the quantitative anatomy of the 26 human cervical vertebrae 
was also reported. All of the vertebral body parameters were quantified. The 
VBW1, VBWu, VBHa and VBHp measured maximum at C7 and decreased 
linearly to C3. The VBDu increased from C3 to C6 and slightly decreased at 
C7. C5 made a peak at VBDI and decreased through C3 and C7. 
The anthropometrics of the lower lumbar vertebrae, L3 to L5, and aspects of 
disc geometry was presented by Zhou et al. (2000). The study was carried out 
on 126 patients, 55 male and 71 female. The digitised CT images of the 
subjects were used for measuring the required dimensions, as shown in figure 
4.7. The differences between male and female vertebral dimensions were 
studied. The mean dimensions of the vertebral bodies for male spines were 
larger than for the female spines. The depth and the width of the vertebrae 
increased from L3 to L5. 
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FIGURE 4.7: The lateral and the cross section CT image olthe fourth lumbar 
vertebral body, the measured dimensions ofthe vertebrae (Zhou el (ii., 2000). 
Tan et al. (2003) later presented the quantitative three-dimensional anatomical 
parameters of the human spine of the Chinese Singaporeans from C'3 to 1.5. 
The study of Panjabi el al. (1990a, 1990b, 1991) was taken as reference; the 
same linear and angular dimensions were measured. Then the results were 
compared with Caucasian subjects of Panjabi et al (1990a, 1990b, 1991). Ten 
male cadavers' vertebrae were measured with three-dimensional direct-contact 
digitiser. The parameters of the vertebral body, V13U'u, I'Btil'l, t'l3Dl, VBDiu 
and VBH, had similar trends to Caucasian subjects throughout the spine, as 
shown in Figure 4.8. All the measured values are smaller in Chinese subjects. 
VBW, VBD and VBH were smaller by an average of 10.3%, 15.2% and 4%, 
respectively. The inclinations of the end-plates, VBlut and V13111, were 
increased through the upper and lower consecutive vertebrae respectively in 
the lumbar spine. In the thoracic spine, the trend of end-plate inclinations was 
altering, where the upper Mut had a sharper inclination towards the upper 
vertebrae at the upper and lower region of the thoracic spine. In the cervical 
spine, both the upper and lower inclinations of the cervical vertebrae were 
angled through the skull at a constant inclination. 
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FIGURE 4.8: Vertebral body dimensions as a function of vertebral levels 
(based on Tan data). 
4.1.2 Spinal Canal 
The spinal canal is made of rigid vertebrae connected with end-to-end in space 
with ligaments, where the delicate spinal cord is enclosed and passed through. 
The hard spinal canal is formed by the posterior wall of the vertebral body, left 
and right pedicles and the lamina as illustrated in Figure 4.9. Besides spinal 
cord, the spinal canal also accommodates soft tissues, ligaments and fluid, 
which supports and protects the spinal cord. The spinal canal opening is one of 
the most important causes of spinal pain, since smaller spinal canal area leads 
to compression of the spinal cord and nerve roots. 
Spinal canal is clinically important in treatment of spinal stenosis which is an 
important orthopaedic and neurological disease of the vertebral column (Lim 
el (l., 2004). The disease caused by a gradual narrowing of the spinal canal. 
This narrowing of the anteroposterior diameter happens as a result of the 
degeneration of both the facet joints and the intervertebral discs. These 
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deformities narrow the spinal canal and then may begin to impose and put 
pressure on the nerves roots and spinal cord that creates the symptoms of 
spinal stenosis. 
Considering the biomechanical and surgical importance of the spinal canal, the 
geometric shape of the spinal canal should be defined. The spinal canal can be 
defined in terms of two parameters. These are spinal canal width (S('{U) and 
anteroposterior depth (SCD), as illustrated in Figure 4.9 and listed in 'fahle 
4.2. The geometric shape of the spinal canal area can be approximated as an 
ellipse or triangle. The study of Panjabi et al. (1990a, 1990h, and 1991) 
showed that the elliptic area approximation has given better results than the 
triangular approximation except between C4-T1 and L. 4-L5 levels. 
FIGURE 4.9: Spinal canal parameters. 
TA13LE 4.2: Reference table of nomenclature for spinal canal. 
Parameter Dimension Name 
SCW Spinal Canal Width 
SCD Spinal Canal Depth 
In one of the earliest studies on spinal canal parameters of thoracic and lumbar 
spine, Berry el cal. (1987) reported that as with body height, SCW increased in 
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all vertebrae from L5 to T2, with the exception of T7. The results also 
confirmed that SCD revealed little or no change between T2 and L5. 
Panjabi et al., (1990a, 1990b, and 1991) quantified the spinal canal parameters 
of the human spine. The results showed that the spinal canal width was 
considerably greater than the depth at all levels of the spine. The SCW 
decreased gradually from L5 to T4, increased from T3 to C6, and stayed 
constant in the cervical spine except decline at C3. The SCD was not as steady 
as SCW except T3 to T11 where it was relatively constant. As seen in the 
Figure 4.10, the narrowest region of the spinal canal area was from T4 to T7, 
which emphasizes several very important points for understanding of disc 
disease and clinical stability in the thoracic spine. It can be seen from the 
Figure 4.10 that the spinal canal area is greater in the upper and lower regions 
of the thoracic spine. The spinal canal area is largest in the cervical and lumbar 
spine. 
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FIGURE 4.10: Spinal canal dimensions as a function of vertebral levels 
(based on Panjabi data). 
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The correlation of spinal canal dimensions with somatometric parameters (i. e. 
height, weight) and age was investigated by Karantanas et al. (1997) to assist 
the problem of spinal stenosis, which is defined as the reduction of the spinal 
canal area due to degenerative disease of discs and the articular processes. 
Different slices were taken with CT scans from the L3, L4 and L5 vertebrae of 
one hundred patients to measure the spinal canal parameters. The height, 
weight and age of the subjects were determined to generate the correlation 
matrices. The results showed that there was no statically significant difference 
among various vertebral indices between men and women. Karantanas et al. 
found a statistically significant correlation between the height of the patients 
and cross sectional area of the canal and the inter-pedicular diameter. The 
anteroposterior diameter of the spinal canal (SCD) one of the most important 
parameters in spinal stenosis, was found as a standard value of 11,5mm and 
not correlated with the height, weight and age of the patient. 
Zhou et al. (2000) quantified the spinal canal parameters in the lower lumbar 
spine for both genders. The spinal canal width was found biggest at L5 and 
smallest at L4. The mean dimensions of the male spinal canal widths were 
larger than the females. The spinal canal depth is increasing from L3 to L5. 
The results showed no statistically significant difference for SCD between 
male and female subjects. 
Tan et al. (2003) reported that the dimensions of the Chinese' spinal canal 
were smaller than the Caucasian in the all levels of the vertebrae. The main 
difference was observed in the thoracic region, where the spinal canal area 
significantly smaller than the Caucasian subjects from T3 to T6 (Figure 4.11). 
The smallest spinal canal area was calculated at T4 instead of T3 as reported 
by Panjabi et al. (1990a). This region might be critical for this population 
since it has the critical vascular zone for the spinal cord. The author concluded 
that the considerable decrease in SCD and SCW may affect surgical 
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management of the spine, especially low back pain in the lumbar spine, in the 
population studied. 
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FIGURE 4.11: Spinal canal dimensions as a function of vertebral levels 
(based on Tan data). 
As stated earlier in lumbar spine studies, spinal stenosis is one of the most 
serious problems in the human spine. Cervical canal stenosis is generally 
indicated with the Torg ratio, which is the ratio of sagittal development 
diameter (SDD called as SCD in this study) to vertebral body diameter (VB 
called as VBD in this study), as given in Figure 4.12. Lim et al. (2004) 
conducted a study on cervical spine dimensions to analyze the differences 
observed between men and women, and between reports using subjects of 
different ethnicity. A lateral radiograph of the cervical spine was taken with 
the neck in a neutral position with the patient standing. 80 Chinese men and 
women were included in the study. SCD and VBD (vertebral body depth) were 
measured to derive and analyze the Torg ratio. 
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FIGURE 4.12: Landmarks used to measure cervical vertebral dimensions. 
(Lim et al, 2004). 
There was no correlation between age and the SCD or VBD. Female gender 
was significantly correlated with both smaller SCD as well as VBD 
measurements. The narrowest level of the cervical canal was at C4 
independent of ethnicity. The SCD results were compared with the similar 
studies, which confirmed the SCD was increasing in size for Japanese, 
Chinese, Indian and Caucasians. The relationship of VBD to the corresponding 
SDD displayed wide variations between previous studies. It was realized that 
the Torg ratios differing not only between subjects of different ethnicity but 
also between genders within the same population. 
4.1.3 Pedicles 
There are two pedicles on each vertebra, which are symmetric with respect to 
sagittal plane. Pedicle is the connection feature that connects the posterior 
features of the vertebra to the anterior vertebral body. It is directly attached to 
the superior facets, transverse processes and the laminas. It has a cylindrical 
shape, which has the length in the anteroposterior direction. The cross section 
of the pedicle exhibits substantial variability in composition and shape. It is 
different for each vertebral level and even within the pedicle axis of each 
vertebra. The shape of section changes from rectangular conformation to semi- 
circular or elliptical shape through the pedicle axis. 
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The pedicles' cross sectional area, length and the inclinations in the sagittal 
and transverse planes have great importance in the surgical management, 
although the pedicle fixation devices widely used in the instrumentation ofthe 
unstable and deformed spines. Spondylolisthesis is another cause of hach pain 
that occurs when one vertebra slips forward on the adjacent vertebrae. 'T'here 
are several types of spondylolisthesis. Traumatic spondylolisthesis is the one 
that is related to pedicle. It is associated with acute fracture ofa pedicle. 
After the examination of 3-D shape and function of the pedicles, it has been 
observed that the pedicles can be constructed with minimum live different 
parameters as seen in Figure 4.13. The three of them are linear and the 
remaining are angular parameters. The pedicle height (P1)11) and width (/'1)! b') 
are defined as the height and width of the cross section which is perpendicular 
to pedicle axis. The inclination of pedicles in the transverse plane (I'Dli) and 
sagittal plane (PDls) are both defined as positive in the counter clockwise 
direction. The nomenclature for these parameters is listed in Table 4.3. 
The pedicle dimensions of thoracic and lumbar spine measured by Berry et al. 
(1987) showed that the pedicles are less symmetric through cervical spine and 
become more through sacrum. The PDH was almost twice the size of PDJJV 
from T2 to L2 and 1.5 times bigger from L3 to L5. 
PDis 
PDIt 
FIGURE 4.13: Pedicle linear and angular parameters. 
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TABLE 4.3: Reference table of nomenclature for pedicles. 
Parameter Dimension Name 
PDW Pedicle Width 
PDH Pedicle Height 
PDL Pedicle Length 
PDIt Pedicle Inclination in transverse plane 
PDIs Pedicle Inclination in sagittal plane 
Zindrick et al. (1987) accomplished one of the most extensive quantitative 
anatomy study, focused on the morphometric characteristics of the thoracic 
and lumbar pedicles. A total of 2905 pedicle measurements were made from 
Ti- L5. CT scans and vertebral specimen roentgenograms were examined in 
the measurements. All pedicle parameters were measured and analysed. The 
widest pedicle (PD go was seen at the L5 level while the narrowest was seen at 
the T5 level. L1 has the narrowest pedicle in the lumbar spine. The PDW was 
decreasing gradually from L5 to T5, and then increasing up to Ti. The PDH 
was widest at Ti i and narrowest at Ti. The narrowest pedicle was observed at 
L5 at the lumbar spine. It was becoming wider through L1. In the transverse 
plane, L5 has the largest angle with a mean of -29.8°. The shallowest angle 
was seen at T12 with a mean of 4.2°. L1 has the smallest PDIt in the lumbar 
spine while Ti has the largest in the thoracic region. PDIs were largest at T2 
with a mean of 17.5°. The L5 pedicle angled caudally -1.8°. The thoracic 
pedicles all appeared to angle in the cephalic direction. The inclination trend is 
in good agreement with the result of Panjabi data and Tan et al. (2003) except 
for T8 to T12. The pedicle length, PDL, was measured in two different ways. 
In the first one, the depth to anterior cortex from the most posterior region of 
the pedicle was measured through the line drawn parallel to pedicle axis, 
whereas the second measurement was taken parallel to the midline axis of the 
vertebral body. The shortest length through the pedicle axis was seen at Ti 
and the longest at L2 and L3. The shortest was same in the second 
measurement method, while the longest was the L2. The results showed that 
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there was a statistical difference between these length measurement 
techniques, except T11 and T12 levels. The general trend of PDL is the same 
with the Tan data. 
Scoles et al. (1988) measured the PDW, PDL and PDII. PDW is found greatest 
in the thoracic spine at TI and T12, and smallest at T6. The average PDW, in 
the lumbar spine, was increased from L1 to L5. PDL was increased throughout 
the thoracic spine but remained relatively constant in the lumbar spine. PD11 is 
biggest at Ti and smallest in T9. The authors found no correlation between the 
size of the pedicle and the size of the individual or vertebral body. According 
to results, there were slight male and female differences in linear and angular 
measurements. In contrast with this result, Zhou et al. (2000) showed that 
males had bigger pedicle sizes than females at all levels of lower lumbar spine. 
Panjabi et al. (1990a, 1990b, 1991) has investigated the four parameters of 
right and left pedicles (see Figure 4.14 and 4.15). The results showed that 
there was not significant difference between the linear and angular dimensions 
of the left and right pedicles. PDH was larger than PDW at all levels of the 
spine. The dimension of PDH is found as largest at the L5 and decreased 
significantly from L5 to L2. The decreasing trend continued gradually from L1 
to T4. The PDH increased from T3 to Ti in the upper thoracic spine. In the 
cervical spine, the decreasing trend continued with small differences in PDH. 
The largest value of the PDW was measured at L5. The PDW decreased up to 
L3 and then gradually increased up to T11. The decreasing tendency started 
from T11 and continues through the thoracic spine. PDW was almost constant 
in the cervical region. 
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Pedicle Dimensions 
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FIGURE 4.14: Pedicle linear dimensions as a function of vertebral levels 
(based on Panjabi data). 
The inclination measurements of pedicles showed general left/right symmetry. 
The PDlt is illustrated a positive inclination in the lumbar, thoracic and lower 
cervical spine. The PDIt was around 5° through the lumbar spine. In the 
thoracic and lower cervical spine, the values are fluctuated between 50 and 
10°. The pedicle inclination in the upper cervical spine, C5 toC3, is in negative 
direction and decreasing towards the C3 as shown in Figure 4.15 (a). The PDIs 
values are bigger than PDIt through out the spine. The inclination of pedicles 
in the sagittal plane is in the positive direction. The PDIs is decreased from L5 
to T11 about 10° and then increased up to C3 around 3 5°. 
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Pedicle Inclination in Transverse Plane 
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FIGURE 4.15: Pedicle inclinations in the (a) transverse and (b) sagittal planes 
(based on Panjabi data). 
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Ebraheim et al. (1996) worked on the lumbar pedicle morphology. The study 
defined the projection point of" the lumbar vertebrae, which is the intersection 
point of' the two lines passing through the pedicle axis in transverse and 
sagittal planes, as seen in Figure 4.16. The aim was to find the best screw 
entrance point tor the lumbar vertebrae. There were 30 male and 20 lcmale 
specimens. The landmark of' the projection point and the pedicle dimensions 
were measured with callipers. A goniometer is used fier the angular 
measurements. One of the important outcomes of the study was that the 
differences in dimensions between men and women were not found to he 
statistically significant. The PDW was gradually increased from 1,1 to 1.5. Tile 
pedicle height was decreased from L2 to L5. The PDL was showed no 
consistent change in the lumbar spine. The pedicle inclinations were also 
recorded. The average distance from the projection point of the lumbar pedicle 
axis to the midline of the transverse process consistently varied at dill rent 
levels. 
Sagittal 
Plane 
Transverse 
Plane 
FIGURE 4.16: The definition of projection point (Ebraheim el a/., 1996). 
Shin el a1. (2000) documented the anatomic variability in cervical pedicle 
morphology to provide better explain the complexity of the pedicle as a three- 
dimensional structure for spinal surgeons. Cross-sections of 26 vertebrae from 
C3 to C7 have been sliced into three and then the plain film radiographs were 
taken to be digitized. Pedicle specimens from C3 to C5 demonstrated wide 
variations in cross-sectional morphology. While most of the specimens 
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exhibited a semi-circular external contour; other specimens were triangular or 
rectangular in shape. The pedicle specimens of C6 and C7 were more uniform 
in size and shape. The pedicles of C6 were appeared more circular in shape 
while the C7 pedicles were egg-shaped cross-sections. The author concluded 
that complete radiographs of the pedicles must be taken before surgery, since 
the variability revealed in cervical pedicles between individuals, vertebral 
levels and even in right and left of same vertebrae. 
McLain et al. (2002) performed an anatomical study of pedicle dimensions. Ti 
-T6 vertebrae from 18 human cadavers were measured. The width, height and 
length of the pedicle were investigated. The results showed that even the 
largest patients had some pedicles that could not accommodate the smallest 
standard pedicle screw and more than one half of the pedicles were too small. 
Tan et al. (2003) found that PDW and PDH of Chinese were smaller by an 
average of 25.7% and 16.1% with contrast to Caucasian subjects, respectively. 
The results showed that except Ti and from T10 to L5, the pedicles were not 
wide enough to accommodate the 5 mm transpedicular screw, which is the 
smallest size of the standard screws. PDL was measured for the thoracic and 
lumbar spine. The results showed that the upper thoracic spine has the shorter 
length then the lower thoracic and lumbar spine. The general trend of the 
pedicle length was found significantly shorter than the Caucasian subjects 
when compared to the other Caucasian studies. The trend of parameters can be 
followed in Figure 4.17. 
The results for the PDIs measurements (Figure 4.18) showed that the trend 
was in agreement with Caucasian spine except T8-T12. Tan et al. concluded 
that the slight divergence of about 70 from T8 to T12 was a significant 
difference and might affect the pedicle screw placement procedure. 
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Pedicle Dimensions 
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FIGURE 4.17: Pedicle linear dimensions as a function of vertebral levels 
(based on Tan data). 
The seventh cervical vertebra is a transitional vertebra with the characteristics 
of both cervical and thoracic. It has a particular morphology due to its pedicle 
dimensions and lateral mass thickness that generate some specificity when 
posterior fixation is required. Barrey et al. (2003) investigated the morphology 
of the seventh cervical vertebrae due to assess the feasibility of C7 
transpedicular screwing and to evaluate the safety of such a surgical technique. 
Eighteen C7 vertebrae were collected from human cadavers and a CT scan 
was performed to measure linear and angular dimensions. It was noted that 
linear dimensions were larger in men than women whereas no significant 
differences were found for either transverse or sagittal angulations. 
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FIGURE 4.18: Pedicle inclinations in the (a) transverse and (b) sagittal planes 
(based on Tan data). 
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4.1.4 Transverse Process: 
Every vertebra has two transverse processes, which are symmetric with respect 
to the sagittal plane; extend postero-laterally from the union point of pedicles 
and articular facets. Transverse processes have an important role in the 
mechanical stabilization of the spine by providing attachment points, in the 
middle and tips, for inter-transverse ligament and several muscles. In addition, 
the transverse processes tips are attached to the ribs to increase the stability of 
the spine in the thoracic region. In the cervical region, the transverse processes 
are very small in size compared to the other regions of the spine. 
The cross section of the transverse process is resembles to a rectangle in the 
lumbar spine; however it is elliptical in the thoracic region. In both regions, at 
least two parameters must be defined to generate a 3-D model of the transverse 
process, which are the height (TPH) and depth (TPD) of the cross section of 
the feature. The distance from the tip of the left transverse process to that of 
the right (TPW) is another important parameter, because of the structural 
importance of that segment explained above, and also to model the length of 
the extended portion of the transverse process from the pedicle. Furthermore 
another parameter, TPIs, is essential for the positioning of the transverse 
processes. Although TPW has been quantified by different studies in the 
literature, no published data has been found on the other transverse process 
parameters so far. The lack of anthropometric data about these parameters can 
be explained by the insignificant variation of dimensions throughout the spine 
and less effect of these parameters on the mechanics of the spine system and 
clinical problems. All parameters and nomenclatures are represented in Figure 
4.19 and Table 4.4, respectively. 
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FIGURE 4.19: Transverse processes parameters. 
TA13LE 4.4: Reference table of nomenclature for transverse process. 
Parameter Dimension Name 
TPW Transverse Process Width 
TPH Transverse Process Height 
TPD Transverse Process Depth 
TP11 Transverse Process Inclination in transverse plane 
%TIs Transverse Process Inclination in sagittal plane 
Panjabi el al., (1990a, 1990b and 1991) measured 77'll' of'Caucasian subjects. 
The results showed three distinct regions for the thoracic spine. 77'11' has 
decreased linearly from L5 to L1 in the lumbar region. The average of "I'PW in 
the thoracic spine is smaller than the lumbar spine. This difference can be 
explained by the role of mechanical stabilization of the transverse process in 
different regions. While moving from lumbar to thoracic region, at T12) level. 
there is a significant decrease in TPW. TPW increases linearly from T12 to T9 
and continue to increase with lesser linearity from T9 to T5. There is a 
significant increase observed in TPW from mid-thoracic region to Ti. Similar 
to lumbar and thoracic spine junction, there is a significant decrease in TPW 
from TI to C6. TPW size modestly increases from C5 to C-3). The trend of 
TPW is illustrated in Figure 4.20. 
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Zhou et a!. (2000) investigated the TPl i' of the tower lumbar spine (L3-LS). 
TPºf' was measured maximum at L5 and minimum at 1.4. As observed in all 
measurements of Zhou el a!. (2000), the 7T11' of the male subjects were larger 
than the female subjects. 
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FIGURE 4.20: TPIV as a function of vertebral levels (based on Panjabi data). 
Tan et al., (2003) stated that, the trend of TPW in Chinese subjects was found 
similar to Caucasian subjects except the decrease of TPIr from CS to C2, as 
shown in Figure 4.21. The TPW of Chinese subjects were smaller than the 
Caucasians in all levels of the spine. The TPWW'of Chinese was smaller than the 
Caucasians by 15.6%. The maximum difference is %24.7 at LI for TPW 
78 
Chapter 4 Ouantitative 3-D Anatomy and Parameterisation of the Vertebrae 
Transverse Process Width 
80 
75 
70 f 
. -" 65 f 
60 
55 ff 
50 
45 ff 
40 f 
fTPW 
35 
30 
M `ýt UI) CO 1'- r" N CF) it Lf) CD CO C) 0 V- NrNM ýt UI) 
H 
Imo- IýJ 
JJJJ 
Vertebral Level 
FIGURE 4.21: TPW as a function of vertebral levels (based on Tan data). 
4.1.5 Spinous Process: 
Spinous process is a slender feature, which is arisen from the union of left and 
right laminae and projected posteriorly or posteroinferiorly in the median 
plane. The inferoposterior tips of the spinous processes can be felt through the 
human skin. The ligaments and muscles, which have an important influence on 
the stabilization of the spine system, are attached along the superior edge and 
inferoposterior edge of the spinous process. The size, shape and inclination of 
the spinous process show differences for different regions. This is obviously 
the adaptation of this feature to stabilize the spine, which experience different 
loading conditions during its activities. 
Four parameters are required to generate 3-D model of the spinous process. 
The spinous process length (SPL) was defined from the most inferoposterior 
tip to the centre of the superior end plate of the vertebrae. The spinous process 
has a rectangular cross section, which can be defined with two parameters. 
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These are spinous process width (SPW) and spinous process height (SP/f), as 
shown in Figure 4.22. The inclination of the spinous process in the transverse 
plane (SPI! ) must be defined for correct positioning of the feature. The 
reference table of spinous process nomenclature is given in 'f'able 2.5. In the 
literature, there is lack of data about the parameters of' the spinous process 
except SPL. To be short of these anthropometric data can be due to the 
comparatively small effect of these parameters on the mechanics of' the spine 
and weak relationship between these parameters and clinical problems. 
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FIGURE 4.22: Spinous processes parameters. 
TABLE 4.5: Reference table of nomenclature for spinious process. 
Parameter Dimension Name 
SPL Spinious Process Length 
SPW Spinious Process Width 
SPH Spinious Process Height 
SIT Spinious Process Inclination in transverse plane 
Nissan & Gilad (1984) defined three different parameters to measure spinous 
process as shown in Figure 4.8. The spinous process length was defined in 
terms of two different parameters, and SPL ?. They both increased from LI to 
L3 and then decreased at IA and L5. The overall length of the processes was 
slightly larger in the lumbar area. SPL I was always larger than SPL_2, 
indicating a downward inclination of the process in all vertebrae. 
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Panjabi et al., (1990a, 1990b, 1991) measured the spinous process length of 
Caucasians. The largest SPL is measured in lumbar spine. SPL followed a 
relatively constant trend throughout the lumbar spine. SPL is significantly 
decreasing form L1 to T12 and then relatively constant throughout the thoracic 
spine. Second significant reduction in SPL starts in the transition zone from Ti 
and continues up to C5. SPL was relatively constant for the remaining 
vertebrae in the cervical region. The spinous process lengths of different 
vertebral levels are shown in Figure 4.23. 
Tan et al. (2003) stated that SPL of Chinese was smaller than the Caucasians 
by 5.5% and the maximum difference found as 25% at L5 level. The tendency 
of SPL can be followed in Figure 4.24. 
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FIGURE 4.23: SPL as a function of vertebral levels (based on Panjabi data). 
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FIGURE 4.24: SPL as a function of vertebral levels (based on Tan data). 
4.1.6 Articular Facets: 
There are four articular facets per vertebra; two superior and two inferior lies 
at the left and right with respect to sagittal plane. The superior processes 
project superiorly and inferior processes project inferiorly that arise from the 
junction of pedicles and lamina. Each consecutive vertebrae of the spine is 
accumulated with the superior and inferior articular facets. The articular facets 
of the lower facets of the upper vertebrae are matched with the upper facets of 
the lower vertebrae. 
Among other factors, the shape and position of the articulating processes of 
diarthrodial joints illustrate the pattern of movements of the spine. Although 
the orientations of the facets on each vertebra are different, the shape of the 
lumbar articular facets is unlike the thoracic and cervical regions. In the 
lumbar region, the facets have significantly curved mating surfaces rather than 
planar surfaces, which are oriented approximately perpendicular to the 
82 
Chapter 4 Quantitative 3-D Anatomy and Parameterisation of the Vertebra 
transverse plane. The inferior facets are concave while the superior facets are 
convex, which is thought to contribute the large range of anteroposterior 
bending arise in the lumbar spine. 
Facets joints are clinically important particularly for two reasons. First, facets 
have been found to be a direct source of pain. Second, it has been clinically 
observed that facets are important stabilizing structures, and their surgical 
excision, unilaterally or bilaterally, often leads to spinal instability (White and 
Panjabi, 1990). 
Eight parameters are defined to generate a 3-D model of the articular iäcets to 
depict the shape and functional properties accurately. The five of' eight 
parameters are defined for positioning of the articular facets. The height (I, '/I) 
and width (FW) are defined from to normal projections of the fäcets surfaces. 
The facet depth (FD) propagates normal to the facet surfaces. Interfacet width 
(IFWs and IFWi) is defined to position the superior and inferior facets with 
respect to each other whereas the lateral distance between superior or inferior 
facets was termed the interfacet width (IFH). The articular facet parameters 
are showed in Figure 4.25. 
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FIGURE 4.25: Articular facets parameters. 
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The orientation of the facet plane was described by frontal angle around y-axis 
(FA) and transverse angle around x-axis (7A), as shown in Figure 4.26. The 
flat card, which is lying in the transverse plane, rotated firstly about . v--axis 
then about y-axis. The nomenclature for the articular facet parameters was 
listed in Table 4.6. 
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FIGURE 4.26: The facet angle definitions. 
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TABLE 4.6: Reference table of nomenclature for articular facets. 
Parameter Dimension Name 
FHs Superior Facet Height 
Fill Inferior Facet Height 
FWs Superior Facet Width 
FWi Inferior Facet Width 
IFWs Superior Interfacet Width 
IFWi Inferior Interfacet Width 
IFII Interfacet Height 
7'Ai Transverse An gle of inferior facet 
_'AA Transverse An gle of superior facet 
FAi Frontal Angle of inferior facet 
FAs Frontal Angle of superior facet 
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Panjabi et al. (1993) conducted the most comprehensive study on the articular 
facets of the human spine. The study provided extensive information on the 
surface anatomy of the facets for the entire human vertebral column. The 
angular, linear and area dimensions of the superior and inferior articular facets 
were measured from C2 to L5. 
According to dimensions of facets, as shown in Figure 4.27, the inferior facet 
dimensions showed the same trend as the superior facets throughout the spine. 
The facet heights are largest in the lumbar region both for the superior and 
inferior ones. The height and width of the superior facets are decreasing from 
L5 to L1 while the height and width of the inferior facets are approximately 
same. The reduction in dimensions of the superior facets and inferior facets are 
relatively bigger than the other levels of spine from L5 to T12. The 
dimensions of the superior and inferior facets are decreasing through the 
thoracic and cervical spine with little variations (T12 to C3). 
As shown in Figure 4.28, because the inferior facets match with the superior 
facets of the vertebrae below, IFW of the inferior widths are about the same as 
the superior widths. IFW decrease linearly in the lumbar region from L5 to L1. 
The reduction continues in the thoracic spine from T12 to T5 then increases 
towards the cervical region up to C6. IFW decreases in the upper spine, C5 to 
C3. On average, IFW was biggest in the cervical region and smallest in the 
thoracic region. Contrary to its width, the IFH was lowest at the cervical 
region. It decreased gradually from lumbar spine through the thoracic. 
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Facet Dimensions 
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FIGURE 4.27: (a) Superior facet height and width (b) inferior facet height 
and width (based on Panjabi data). 
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Interfacet Dimensions 
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FIGURE 4.28: The interfacet heights and widths (based on Panjabi data). 
As illustrated in Figure 4.29 (a) and (b), since the inferior facets hinge with the 
superior facets of the vertebrae below, the inferior facet angles are about the 
same as the superior facets. The values are obviously shifted one level upward. 
TA of superior and inferior facets increased in a linear trend about -85° at L5 
to-40° at C3. Conversely, FA of superior and inferior facets illustrates 
significant differences at several levels of spine. The most significant 
difference is between the lumbar and thoracic regions. FA decreases roughly 
800 that affect the position of the facets considerably. 
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FIGURE 4.29: The inferior and superior facet angles at (a) transverse and 
(b) frontal planes (based on Panjabi data). 
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Although measurements of the features of the cervical spine have been 
frequently reported in literature, geometrical data is rarely available about the 
facet joint anatomy although it has an important role in share and transfer of' 
the external load applied to the spine. Yoganandan e< al. (2003) reported the 
variation of facet joint morphology with level in the spine or gender. CT scans 
of the six human cadaver cervical spines were obtained. The l tcet joint width, 
cartilage thickness and gap data were obtained from the sagittal anatomical 
sections at the midlevel of the facet joints as shown in Figure 4.30. The results 
showed that the facet joint width is significantly larger in the upper cervical 
spine than in the lower cervical spine. In the lower and upper cervical spine, 
the facet joint cartilage thickness is considerably greater in males than in 
females. The gathered data would assist the mathematical modellers to 
simulate the cervical facet joint in their analysis. 
FIGURE 4.30: The schematic of the facet joint indicates the geometrical 
details. (Yoganandan et al, 2003). 
4.1.7 Laminae: 
Laminae are the broad plates that project posteromedially from the junction of 
pedicles and superior facets, and unite in the sagittal plane (see Figure 2.5). It 
gives rise to the spinous process and bonds it to the superior and inferior facets 
and forms the posterior region of the spinal canal. It has a very non-linear and 
very complex shape, which may be simplified and idealized with an elliptic or 
rectangular cross-section that can be projected to unite the posterior features of 
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the vertebrae. The author has defined the parameters of the laminae in terms of 
other features' parameters as explained in chapter 7, since all the parameters of 
the surrounding features are completely defined. 
4.2 Discussion 
Parametric modelling is a method of linking dimensions and variables to 
geometry where the geometry updates in accordance with the parameter 
values, as discussed thoroughly in Chapter 3. Most parametric models 
published in the literature are biofidelic, incorporating the appropriate features 
of the vertebrae. The geometries of the complicated features are constructed 
through simplified geometric entities such as ellipse and rectangle. 
However, the reviewed models possess some disadvantages such as having 
high number of parameters (between 30 and 50). Models were generated for 
specific regions (lumbar and cervical), resulting in a paucity of thoracic and 
complete models of the human spine. Similarly, some of the features of the 
vertebrae were not parameterised (pedicle, spinal canal, articular facet 
angulations) and modification of the parameters of the generic vertebra to 
generate each vertebra appeared to be a manual and highly time-consuming 
process. Also, the orientation of the vertebrae was not incorporated to 
represent different postures. The models did not embody any control algorithm 
whatsoever to ensure the consistency of the new dimension in relation to the 
other dimensions. 
Considering the aforementioned disadvantages and the shortcomings of the 
previous parametric human spine models, development of a novel parametric 
model was aimed in order to provide a sophisticated medium for spinal 
biomechanics researchers. 
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CHAPTER 5 
Correlation Investigations on Vertebral 
Parameters 
The spine has a unique form, which differs in size for every human. This 
unique form is constructed by the vertebrae with varying size and shape at 
every level. Although the geometrical shape of every vertebra varies 
throughout the spine, most of the linear and angular parameters are common. 
The relations between these parameters within the vertebra and between the 
vertebrae define the unique shape of the human spine. These geometrical 
relations are investigated in this chapter. The investigation is limited to linear 
parameters, since they have more significance in determining the geometrical 
shape of the vertebrae. 
This chapter explains the methodology development for the correlations 
between the parameters of the vertebrae. The missing measurements of the 
whole spine could be generated from the known measurements of vertebrae by 
using the derived relations. The first step is to decide which data sets to 
employ in order to provide complete information about the whole spine. Then, 
the second step is identifying the independent values and grouping them 
according to their anthropometric characteristics. The last step is the derivation 
of the relations between the parameters. 
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5.1 Data Collection 
There are various studies in the literature, which reported the quantitative 
anatomical data of the human spine as in Chapter 4. The published results are 
generally limited and do not cover the whole human spine segments for 
different reasons. One of the reasons is the region specific investigations of the 
spine. The researchers generally focus on the region where the spinal problems 
occur. The section to be investigated may be a segment of the spine (lumbar, 
thoracic and cervical section) as well as a specific region of the vertebrae 
(spinal canal, vertebral body and pedicles). One of the limiting factors defining 
the boundaries of the research is the availability of the subjects or cadavers. 
Studies in the literature do not usually contain an adequate number of 
vertebrae or full spine. The measurement method used in the research poses 
another limiting factor, where it is not possible to quantify every parameter of 
the vertebrae with the measuring techniques such as X-Ray or magnetic 
resonance imaging (MRI). 
Although regional studies of the spine provide useful results for better 
understanding the regional behaviour, a reliable and accurate geometrical 
model of the entire human spine can better be developed with the data 
gathered from the whole human spine specimens. All parameters measured 
from the same entire spine help to create a more realistic mathematical model. 
Therefore, two whole spine parameter data sets found in the literature were 
used as the basic data sets for mathematical modelling of the spine. 
5.2 Reference Data Sets 
Panjabi and Tan data sets are the two main resources utilised to form the basis 
of the parametric model developed. Panjabi et al. have measured fresh autopsy 
whole-spine specimens of 12 Caucasian and published the outcome in a series 
of four papers (1990a, 1990b, 1991 and 1993), whereas Tan et al. (2003) 
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reported the quantitative 3-D anatomy of the vertebrae of some Chinese 
subjects. 
5.2.1 Panjabi Data 
This data set was found to be the largest data set available in the literature 
including the articular facet parameters of the whole spine. The linear and 
angular parameters defining the geometry of the vertebral features were 
measured with high accuracy. The results of all specimens were pooled to 
calculate the mean (of the sample) and standard error of the mean (SEM) for 
each parameter. A significance level of 95% is achieved throughout the study. 
At this point, it might be useful to define how the statistical parameters are 
calculated that were mentioned above. The SEM is the sample standard 
deviation divided by the sample size: 
SEM= SD, / ,r (5.1) 
The standard deviation of the grouped sample, SD,, is a measure of how 
widely values are dispersed from the average value (the mean). The SDs can 
be calculated from: 
SD, = 
(xý -Mme'' )Z (5.2) 
N-1 
where 
Xi : measurement values 
MP0 : the population mean 
95% of significance level tells that the mean value of the sample (MS) is 
between ±1.96*SEM of population means (Mpo, ). 
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The results are presented in Table 5.1 (a-b). For each vertebra, the mean value 
is listed in the first and SEM is listed in the second row. 
TABLE 5.1 (a): Vertebral dimensions (mean) (upper row at each vertebral 
level) and SEM (lower row) of Caucasian population (mm). 
Pan'abi Dataset 
VBDI VBWI VBH p VBWu VBDu SCD SC W PDH P[ºW 
15.60 17.50 - 21.00 24.50 '11. '10 7.70 <: 2 
0 58 0 52 1 035 l 
'15.60 17.20 11.60 15.80 15.00 '16.20 22.90 7.20 8.30 
15.90 17.00 I'I. 4O 17.20 15.30 17.70 24.70 7.20 5.40 
0H 0.43 0.66 015 0.46 0.52 0-42 060 
'17.90 19.40 '11.40 '17.50 15.20 '17.40 24.90 7.30 5.10 
M2 n.. ý? 058 035 0.72 1.13 0-42 0.46 
,0 18.50 22.00 '10.90 '18.50 '16.40 '18. '10 25.80 7.50 5.60 
4 7 16.80 23.40 '12.80 21.80 18.10 15.20 24.50 7.50 6.50 . 11H 1 0.46 l ;R 1.15 I G7 1 
r '19.10 21.130 1 14.10 TI 062 0 64 1 n 41 0.85 0.42 0.71 1 053 0.44 
T2 21.60 27.40 15.60 24.90 '10.60 '15.30 1 9.50 1'1.10 8.40 -1 0-44 1 06 
T3 23.30 25.90 '15.70 24.60 22.70 15.90 18.30 1'1.80 7.00 
Li 1123 0.78 
T4 24.50 26.00 '16.20 24.50 23.30 '16.20 '17.00 '11.90 5.50 0 92 n 4P 0.58 MB pß 
5 25.80 27.00 '16.20 24.90 24.30 '16.30 '17.10 11.20 6.20 T 
n 77 0.96 A 60 0.77 0 79 z 0.68 0-5 
26.90 28.20 '17.40 26.20 26.00 '16.50 '17.30 12.00 6.00 T6 
- 28.50 29.10 '18.20 27.80 27.40 '16. '10 '17.30 '1'1.80 6.50 7 0 69 10 70 0.7A 0.69 0.23 ýI Mo 
29.40 30.50 '18.70 29.50 27.00 15.90 '17.70 12.50 6.70 
3 
31.00 33.00 19.30 30.60 29.30 1 5.70 17.90 13.90 7.60 
0.89 1.10 A ýq 106 1. M f l. R? 1.19 0 7g 0- 79 079 
' 
054 
3'1.60 35.40 20.20 31.90 30.50 1 5.50 '18.20 14.70 8.30 
1 11 0. a- n. 44 067 OA6 0 70 0.7B 
1 
0.49 070 
3'1.80 39.10 21.30 34.90 3'1.90 1 6.00 '10.40 16.90 8.80 
ýi 49 1 0.43 
33.40 42.10 22.70 39.00 32.80 1 8.10 22.20 16.50 8.80 
[ 
- -0 7-8 091 . 04 0.62 0.81 35.10 43.30 1 3.80 3 4.10 .i 1 2-7 0 78 1 II. '1-03 'l 3, MJ 0.92 O. Rl 0.95 
34.90 45.50 24.30 42.60 34.60 '1 8.20 23.80 14.90 8.70 
O'H 0-74 1.10 0.53 10 71 0.53 M7 
34.80 48.00 23.80 44.10 35.20 1 7.50 24.30 '14.60 10. '10 
n Q4 A. 67 
E 
33.00 49.50 24.10 36.60 35.50 '1 8.60 25.40 '15.20 '14.70 L in 
20 33 49.40 22-90 37.30 34.70 ' 10.70 27.10 19.50 '19.20 L5 . 
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TABLE 5.1 (b): Further vertebral dimensions (mean) (upper row at each 
vertebral level) and SEM (lower row) of Caucasian population (mm). 
Pan'abi Dataset 
TPW SPL IFWs IFWi IFH FHs FWs FHi FWi 
C2 52.60 33.70 30.30 35.90 20.20 17.70 16.00 11.80 10.40 7n 0.6A 0.50 1160 
50.30 29.60 35.90 37.80 13.00 10.60 10.80 11.90 11.00 C3 0.78 l 0 90 0 60 0 '. ýi II 2 70 
48.50 30.30 37.60 38.00 15.90 12.00 11.00 11.50 C7 
214 1 F17 1 A nrl 1 on 0 60 
46.40 28.50 38.30 40.50 12.70 11.20 11.80 11.50 
2A7 nq Aý 
49.50 34.20 39.90 28.80 13.50 11.70 13.20 12.20 C6 
g 
7 66.60 45.70 38.60 33.60 17.00 10.70 12.80 13.90 C i iI In II 71i IT ;n fill IiI 
T1 1 74 1.46 1.00 n. 60 0.90 1-10 
2 69.40 2.10 28.20 24.30 20.90 13.00 12.10 11.80 T l 5i 
- 0.4n in 60.80 51.70 24.60 22.30 21.10 11.70 10.60 10.70 10.40 T3 1.5 0.70 0-70 0.80 0.50 030 1 050 0 30 
56.90 51.10 22.10 21.10 20.10 11.50 10.30 11.00 9.80 T4 77 9 00 0.80 0.70 0.60 0.40 020 0-40 
T5 61.10 52.10 20.80 20.80 21.10 10.90 9.80 11.20 9.70 1 go 1 90 080 0.80 010 0.50 030 030 Tin - 61.30 53.80 20.90 21.40 22.00 11.80 10.10 11.10 9.70 T6 
60.40 50.50 21.00 22.30 23.60 11.00 9.90 11.00 10.30 
Q 
59.90 52.80 21.80 23.40 25.20 11.70 10.30 11.60 10.70 T8 1 92 1,99 0.90 1.00 0.40 0.70 0.30 n.? n 
59.30 51.30 23.00 24.60 25.90 11.70 10.70 12.50 12.60 T9 
58.40 49.30 24.20 24.60 25.80 12.40 12.90 11.70 11.40 T10 
52.20 45.60 25.20 24.60 29.80 12.00 11.30 12.50 10.90 T11 0.70 
46.90 47.40 25.90 24.90 31.10 12.50 10.50 12.70 9.80 T12 
71.20 8 L1 2 6 - I -iý 70 n - Eg soli 
76.10 71.70 26.40 26.60 32.40 14.60 11.40 16.30 12.70 L2 l O70 1 00 0 60 n ;l 
85.70 71.70 28.60 29.10 31.60 15.90 13.90 16.40 13.40 L3 44 1.77 l. no 5 n 
79.40 70.10 31.40 34.80 28.30 17.30 15.30 15.60 14.10 La 'j 7Q 1 17 1.6n n 1 30 0.70 0.60 0 70 1 
92.50 68.30 35.00 40.60 26.40 17.50 14.90 17.30 16.10 L5 -775-0 0 70 Mo 1 1.00 1 
5.2.2 Tan Data 
The second reference data set found in the literature, which includes the 
whole-spine measurements, is referred to as Tan data. Tan et al. (2003) 
reported the quantitative 3-D anatomy of the vertebrae (C)-L5) of the 10 
Chinese subjects. The articular facet parameters were not included in this 
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research. The obtained results are listed in "fable 5.2, where the values of the 
parameters are shown as mean ± SEM. 
TABLE 5.2: Vertebral dimensions (mean) (upper row at each vertebral level) 
and SEM (lower row) of Chinese population (mm). 
Tan Dataset 
VB[ºI VBWI VBHp VBWu VBDu SCD SCW P[ºH PDW TPW SPL 
15.10 '14.30 '11.20 13.80 '13.60 '10.30 '19.20 6.70 4.50 41.40 25.60 º_, 3 0.20 0.10 0.10 0.10 0.10 0.30 0.40 0.20 0.20 0 80 0.50 
_. 4 15.20 15.00 '11.30 '14.70 '14.00 '10.30 '19.30 6.60 4.60 44.90 30.30 º 0.40 0.10 0.20 0.10 0.10 0.30 0.50 0.20 0.20 0.80 0.40 
5 15.10 '15.90 '11.30 '14.90 '14.30 '10.30 20.30 6.30 4.70 47.60 33.60 º! 0.30 0.10 0.10 0.10 0.10 0.30 0.40 0.30 0.10 1 00 1 00 
. 15.70 '19.50 '11.30 '15.80 14.60 10.30 20.60 6.00 5.10 48.40 40.50 6 4 0.30 0.20 0.20 0.00 0.20 0.30 0.40 0.30 0 20 0.90 1.50 
7 '15.60 20.30 1'1.80 '19.00 '15. '10 11.00 19.70 6.50 5.60 53.80 46.90 
0.30 0 20 0 30 0 10 0 20 0 20 II 4A 0 20 0 I'll 1 00 1 10 
T. ) 15.80 27.10 '14.00 24.70 14.90 11.60 17.70 8.30 7.40 63.80 48.30 
0.20 0.40 0.20 0.20 0.30 0.30 0.30 0.30 0.20 1.00 0.80 
2 17.70 25.30 15.20 23.60 '16.30 11.70 15.20 9.40 6.10 57.50 48.30 T 
0.30 0.40 0.20 0.20 0.20 0.20 0.30 0.30 0.20 0.70 0.50 
3 19.00 24.40 15.30 23.30 '18.00 '12.00 '14.20 9.80 4.80 51.30 49.00 T 
0.20 0.40 0.20 0.40 0.20 0.20 0.30 0.30 0.20 0.90 0.80 
20.00 25.00 15.80 22.50 '18.90 11.80 13.50 9.00 4.10 49.80 48.40 T4 
0.30 0.40 0.20 0.30 0.30 0.20 0.30 0 20 0 20 1.00 0.80 
T5 2'1.60 23.80 16.40 23.30 20.50 '11.50 13.60 8.90 3.80 49.70 49.80 
0.30 0.10 0.20 0.30 0.20 0.20 0.30 0.20 0.20 1.00 0.80 
G 23.00 24.80 17.00 23.70 21.80 '11.60 13.80 8.70 4.40 50.20 50.70 T 
0.20 0.50 0.30 0.30 0.20 0.20 0.30 0.10 0.10 0.90 1.00 
23.50 26.80 17.40 24.60 22.70 '1'1.90 13.90 9.50 4.30 49.70 51.80 - 
0.30 0.30 0.30 0.30 0.30 0.10 0.40 0.20 0.20 0.60 0.90 
24.70 27.90 17.80 25.90 23.30 11.90 14.10 10.60 4.30 47.80 51.90 T8 
0.40 0.40 0.30 0.50 0.30 0.20 0.30 0.20 0 10 0.80 0.90 
25.50 29.20 '18.00 27.00 24.40 11.80 14.20 10.80 5.00 47.90 5'1.50 T9 
0.40 0.40 0.20 0.30 0.40 0.20 0.40 0.30 0.30 0.20 0.90 
' 26.20 
31.90 '19.10 28.80 25.40 11.90 14.20 12.80 6.00 45.40 49.80 10 T 
0.30 0.20 0.20 0.40 0.40 0.30 0.40 0.20 0.40 0.60 0.90 
' 
26.90 35.30 20.40 31.60 25.40 11.80 15.30 14.20 7.10 43.00 48.40 II T 
0.20 0.20 0.20 0.30 010 0.20 0.20 0.30 0.20 0.90 1.10 
' 27.70 
36.40 21.50 34.50 26.70 12.40 17.90 14.20 7.80 41.00 48.50 12 T 
0.30 0.40 0.20 0.30 0.30 0.30 0.30 0.20 0.20 0.50 1.00 
28.50 39.20 22.40 36.30 27.50 '12.50 '19.40 '13.10 5.60 53.60 51.50 LI 
0 50 0 50 0.40 0.40 0.40 0.20 0 20 0.40 0 20 1 50 0 90 
29.0 41.40 23.10 38.20 28.30 11.70 '19.50 '13.00 6.40 64.30 54.40 L2 
0. _, 
o 0.30 0.30 0.40 0.50 0.20 0.20 0.20 0.30 1 50 0.80 
30.20 43.50 22.10 39.90 29.90 11.20 '19.40 12.10 7.60 71.40 57.60 L3 
0 40 0.30 0.40 0.30 0 30 0 30 0.40 0.80 0.20 1 90 0 80 
30.30 45.30 21.60 42.00 30.80 1'1.20 20.20 '13.00 9.10 437.70 55.10 L4 0 60 0.50 0.30 0.20 0 20 0 40 0.50 0.40 0.40 1 40 0.90 
28.70 43.70 20.00 4'1.60 30.40 1'1.10 23.40 '17.70 1'1.30 71.30 50.60 L5 0.40 0.40 0.60 0.30 0.50 0.40 0.60 0.40 0 40 2.50 0.90 
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5.3 Linear Spinal Parameters 
Vertebral features can be described by defining common linear parameters. 
The graph shown in Figure 5.1 is designed with analogy to the top view oi' a 
vertebra. The linear parameters were grouped according to the feature they 
belong to. There are 18 different linear parameters defined in a vertebra so tär. 
There are 5 parameters for the vertebral body, 2 for the spinal canal and 
pedicles each, 7 for the articular facets, and I for spinous and transverse 
processes each. The parameters of the symmetric features are counted once, 
since there is no significant difference between the symmetric features. 
VBWu I_ I VBDu 
VBH 
VBWI VBDI 
Il 
Vertebral Body 
Transverse PDH PDH Transverse 
- TPW -- 
Process Process 
PDW 1 SCW SCD PDW 
Spinal 
Pellicle Peclicle 
anal 
Superior FWs IFWs 
FWs 
Superior 
Facet 
FHs FHS Facet 
SPL 
IFH IFH 
FHi Spll1qus FHi 
Inferior Process hifeiior 
Facet IFW FWi I FWI Facet 
FIGURE 5.1: The common linear parameters of the vertebrae. 
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5.4 Correlation Investigations 
Anthropometrical human spine geometry data accumulated in the literature 
provides an invaluable resource for computational human spine modelling in 
biomechanics and ergonomics research. The whole human spine can be 
modelled for some populations from the aforementioned full data sets. 
However, modelling of a realistic 3-D human spine representing other target 
populations requires a very large number of measurements for each vertebra of 
the subjects. This would be a time-consuming and exhausting effort when the 
complexity of the vertebrae and the number of parameters are considered. The 
lack of adequate number of available full spine cadaver specimens poses 
another limitation to the problem. 
Published measurements constitute the best available resource to investigate 
the correlations between vertebral parameters. One of the objectives of the 
present study is to establish correlations between parameters using the 
aforementioned reference data sets. The established correlations may then be 
employed as rules to generate the missing values of vertebral parameters of a 
given spine in order to construct its 3-D biomechanical model. 
The correlations between vertebral parameters in Figure 5.1 can be categorised 
into two groups according to their relation pattern and geometric constraints: 
9 The first group includes the parameters of the features that are not in 
direct contact with the adjacent vertebra, such as vertebral body and 
pedicle parameters. 
" The second group is the parameters of the articulating facets that are in 
direct contact with the adjacent vertebrae. 
Correlations of these two groups of parameters are investigated separately in 
the following sections in detail. 
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5.4.1 Correlations between Parameters That Are Not in Direct 
Contact with the Adjacent Vertebra 
The vertebral features that are not in direct contact with the adjacent vertebra 
are vertebral body, pedicles, spinal canal, transverse and spinous processes. 
Although none of these features have direct contact with the consecutive 
vertebra, they are connected to each other via soft tissues like intervertebral 
discs, muscles and ligaments. The relations between parameters can further be 
defined under two subcategories (Figure 5.2). The first type of relation is 
defined between parameters of each vertebra (row-wise), which is utilised by 
proportions approach via statistical correlation technique. The second type of 
relation is described for each parameter between consecutive vertebrae 
(column-wise). 
VBHp VBDu VBDI VBWu VBW IFH 
C3 11.60 15.00 15.60 15.80 17.20 13.00 
C4 11.40 15.30 15.90 17.20 17.00 15.90 
C5 11.40 15.20 17.90 17.50 19.40 12.70 E 
C6 10.90 16.40 18.50 18.50 22.00 13.50 
C7 12.80 18.10 16.80 21.80 23.40 17.00 
ä 
Ti 14.10 18.50 19.70 24.50 27.80 18.60 
T2 15.60 19.60 21.60 24.90 27.40 20.90 'o 
T3 15.70 22.70 23.30 24.60 25.90 21.10 
T4 16.20 23.30 24.50 24.50 26.00 20.10 40 
T5 16.20 24.30 25.80 24.90 27.00 21.10 
T6 17.40 26.00 26.90 26.20 28.20 22.00 
T7 18.20 27.40 28.50 27.80 29.10 23.60 
T8 18.70 27.90 29.40 29.50 30.50 25.20 
TO 19.30 29.30 31.00 30.60 33.00 25.90 ö 
T10 20.20 30.50 31.60 31.90 35.40 25.80 
T11 21.30 31.90 31.80 34.90 39.10 29.80 40 40 
T12 22.70 32.80 33.40 39.00 42.10 31.10 4 
L1 23.80 34.10 35.30 41.10 43.30 31.80 
L2 24.30 34.60 34.90 42.60 45.50 32.40 
L3 23.80 35.20 34.80 44.10 48.00 31.60 
L4 24.10 35.50 33.90 46.60 49.50 28.30 
L5 
Relati ons Betw een Para meters w ithin each Vertebra e 
FIGURE 5.2: Relations types between spinal parameters. 
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5.4.1.1 Relations within a Vertebra 
Correlation coefficient provides an index of the degree to which two variables 
are related. The correlation coefficient, r, is a measure of the linear 
relationship between two variables. The correlation coefficient for linear 
relationship is calculated as: 
(5 . 3) VTXMYI) 
where x is the deviation of any X value from the mean of all the X values and y 
is the deviation of any Y value from the mean of all the Y values. In this study, 
the x values are the dimensions from C3 to L5 for any parameter and y 
represents the other parameters considered for its correlation to x. The 
significance of the correlation coefficient is given in Table 5.3 as r is 
frequently used in the thesis to denote the level of correlation. 
TABLE 5.3: The significance of the correlation coefficient 
(Cohen and Holliday, 1996) 
r Meaning 
0.00 to 0.19 A very low correlation 
0.20 to 0.39 A low correlation 
0.40 to 0.69 A modest correlation 
0.70 to 0.89 A high correlation 
0.90 to 1.00 A very high correlation 
A. Correlation of Parameters in Panjabi Data Set: 
The correlations between the parameters of Panjabi data set (Table 5.4) were 
calculated. The data in each column were used with those in other columns to 
calculate the r value. The significance of the colours is presented in Table 5.5. 
The lower relationships (moderate, low etc. ) were not included in the proposed 
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algorithm since the aim is to produce the most realistic human spine data 
possible from the highly related parameters. 
According to correlation coefficients presented in Table 5.4, the highest 
correlations were found amongst the vertebral body, pedicle height and inter 
facet height parameters. The linear relationship between some of the vertebral 
body parameters are illustrated in Figure 5.3. The R', shown in the graphs, is 
the coefficient of determination (CoD). The presented data of the variables are 
commonly linear, therefore the correlation coefficients truly reflect the 
correlation between these parameters. Some of the parameters having the 
highest correlation factors were plotted. 
TABLE 5.4: The correlation between parameters in Panjabi data. 
Correlation Between Parameters (within columns) 
VBDI VBWI VBH VBWu VBDu SCD SCW PDH PDW TPW SPL IFH 
VBDI 1.00 
VBWI 0.92 1.00 
VBH 0.98 0.96 1.00- 
VBWu 0.92 1.00 0.97 1.00 
VBDu 0 99 0 95 0 99 0.95 1 00 
SCD 0.37 0.54 0.42 0.55 0.40 1.00 
SCW -0.09 0.23 0.02 0.23 -0.02 0.72 1.00 
PDH 09:; C91 C:. 091 094 0.39 -0.05 1.00 
PDW 0.60 0.80 0.67 0.81 0.66 0.58 0.43 0.74 1 CO 
TPW 0.48 0.68 0.57 0.69 0.54 0.36 0.30 0.50 0.76 1 00 
SPL 0.81 0.86 0.85 0.87 0.83 0.36 0.04 0.75 0.68 0.85 t 00 
IFH 0 96 0.91 0.97 0.91 0.96 0.32 -0.07 - 9C 0.54 0.48 0. 1.00 
TABLE 5.5: The significance of colours in Table 5.4. 
0< r <1 Colour 
0.00 to 0.19 
0.20 to 0.39 
0.40 to 0.69 
0.70 to 0.89 
0.90 to 1.00 
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As depicted in Table 5.4 and Figure 5.4, IFH and PDII possess a very high 
correlation. IFH has the highest correlation with the VBH (r = 0.97). It is 
expected since IFH is defined as the vertical distance between the lacet centres 
and VBH is defined as the vertical distance between the endplates of the 
vertebral body. These two parameters increase and decrease in vertebrae 
together in a directly proportional manner. PDK has a slightly higher 
correlation with VBDu (0.94) than VBH (0.93). As pedicle is a feature that 
develops antero-posteriorly from the lateral face of the vertebral body, it is 
more logical to use the relationship between VBH and 1'DH rather than VBDu 
or VBD1, since PDH has a natural connection with the V1311 parameter. 
VBH vs VBDu (PanAbj______ 
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FIGURE 5.3: The linear relationship between vertebral body parameters as 
calculated from Panjabi data. (a) VBH vs. VBDu (b) VBDI vs. VBDu 
(c) VBWu and VBDu (d) VBWu vs. VBWI 
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A high statistical correlation was found for PDW with respect to the 
parameters PDH, VBWu, VBWI and TPW. Although PDW has a high 
correlation with four of the vertebral parameters, it seemed more reasonable to 
use the relation with PDH for the calculations (r=0.74) as PDH and PDW are 
two parameters of the same feature and therefore linked physically and 
anthropometrically. There is an offset from the linear relation for larger values 
of both parameters (Figure 5.5(a)). This difference from the other data is due 
to the size of these vertebrae. L5 and L4 are the largest vertebrae in the spine; 
therefore it is expected to find the largest pedicle size in these vertebrae. It is 
logical to use the proportion between these two parameters to calculate the 
PDW parameter. If the measurement of PDH is missing, then it is predicted 
from the proportions of vertebral body since the correlation is higher between 
these parameters. 
25.00 
VBH vs PDH (Panjabi) 
20.00 " 
= 15.00 " 
ti 
O" 
10.00 
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0.00 
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FIGURE 5.4: The linear relationship between VBH and IFH and PDH, 
(a) VBH vs. PDH (b) VBH vs. IFH 
The TPW has the highest correlation with the SPL (r=0.85). The ratio of these 
two parameters can be used to predict the value of the missing one. The SPL 
also has high correlation with the vertebral body parameters, which can be 
used to calculate SPL, whereas TPW has a modest relation with those. Figure 
5.5(b) illustrates the linear relationship between the TPW-SPL values. The 
correlation between these two parameters, which belong to two distinct 
VBH vs IFH (Panjabi) 
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features, appears to be very high and will be investigated from a different 
point of view in Chapter 6. 
SCD and SCW have a high correlation (r=0.72), whereas these parameters are 
the least correlated with the other vertebral parameters. The linear relationship 
between spinal canal parameters are illustrated in Figure 5.5(c). The ratio 
between these two parameters can be utilised to predict the unknown 
parameter from the measured one. 
Using the aforementioned correlation method, the hierarchy of the parameters 
of all vertebrae was generated to find the appropriate relations that represent 
the characteristic values of the target population. In this study, at least one of 
the seven very highly correlated parameters described above is essential for 
predicting the missing values of the parameters according to the algorithm. 
Although the relations between the investigated parameters are linear, it is 
highly appropriate to use the ratios between parameters for prediction of the 
unknown parameters in a vertebra (row-wise). The ratio can be defined 
between the anthropometric measurements of different parameters. The size of 
varying features is kept within these calculated ratios. Therefore, the ratios 
provide the best available resource for describing the characteristics of the 
measured populations. Given a measured value for one parameter, the 
proportion allows the other measurement to be determined using the calculated 
distribution of the proportion. Since the proportion reflects a relationship 
between these values, the resulting pair of measurements is expected to be a 
good representation of the population. 
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PDH vs. PDW (Panjabi) 
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FIGURE 5.5: The parameters of high correlation (a) PDH and PDW (b) SPL 
and TPW (c) SCD and SCW 
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B. Correlation of Parameters in Tan Data Set: 
Table 5.6 illustrates the linear correlation coefficients between the parameters 
of Tan data set. IFW of Chinese population had not been included in the 
published research. The tabulated coefficients (Table 5.2) exhibit the general 
characteristics of the Chinese vertebral parameters. If the table is carefully 
examined, the parameters with very high correlation appear to be similar to 
those of Panjabi data set. However, the degree of correlation between PDH 
and VBDI and VBDu is slightly decreased. The correlation of VBH with 
VBD1 becomes stronger than VBDu. 
TABLE 5.6: The correlation between parameters in Tan data. 
Correlation Between Parameters (Columns) 
VBDI VBWI VBH VBWu VBDu SCD SCW PDH PDW TPW SPL 
VBDI 1.00 
VBWI 0.92 1.00 
VBH 0.97 0.93 1.00 
VBWu 0.92 1.00 0.93 1.00 
VBDu 0.99 0.94 0.95 0.94 1.00 
SCD 0.54 0.47 0.65 0.48 0.49 1.00 
SCW 0.07 0.29 0.02 0.29 0.14 -0.50 1.00 
PDH 0.88 0 90 0.88 0 90 0 90 0.57 0.17 1.00 
PDW 0.51 0.74 0.49 0.74 0.58 0.06 0.63 0.72 1.00 
TPW 0.33 0.59 0.34 0.60 0.40 -0.08 0.52 0.34 0.64 1.00 
SPL 0.74 0.75 0.77 0.75 0.73 0.67 -0.23 0.60 0.32 1.00 
PDH and PDW are highly correlated as in the Caucasian data set. The SCW 
and SCD have lower correlation with the other parameters and negative 
modest correlation between each other. Figure 5.6 illustrates the reason as the 
SCD values are almost constant throughout the spine, while the SCW values 
are totally different at each level of the spine. The correlation of TPW with 
other parameters is considerably decreased. TPW did not exhibit any high 
correlation with the remaining parameters. SPL is in high correlation with the 
vertebral body parameters as in Panjabi results. 
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FIGURE 5.6: The trends of SCD and SCW parameters. 
5.4.1.2 Relations between Adjacent Vertebrae for Each Parameter 
This section aims to explain the variation in one parameter from cervical 
region to lumbar region (column-wise). Linear regression method was 
employed to find out the best line that predicts parameter value for every 
vertebral level. 
Least-squares Regression (LSR) is used to derive an approximating function 
that fits the shape or general trend of the grouped data without necessarily 
matching each individual point. LSR minimises the sum of the squares of the 
residual between y measured and y calculated with the linear model; 
n 
_2 
r', 
- 
l2 Sr = 
ýj 
et = 
ýj 
V" i, measured 
Yi, 
mod el / 
i-l 1.1 
where; 
y is the dependant variable, and 
n is the total number of points (vertebrae). 
(5.4) 
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The square of the residual (S1) represents the square of the vertical distance 
between the data and another measure of central tendency, which is a straight 
line for a linear model. 
Linear regression has a number of advantages, including the fact that it yields 
a unique line for a given set of data. This unique line is the best line fitted to 
data. However, it is assumed that the relationship between variables is linear. 
In some cases the variables are not linear so it is poorly presented by a straight 
line. Therefore, the LSR procedure is extended to fit the data as a higher-order 
polynomial, which is called as Polynomial Regression. 
The regression of VBWu values through the spine is plotted in Figure 5.7., 
where VBWu varies at each level of the human spine. In the lumbar region, 
the trend seems linearly decreasing. On the other hand, the trend is closer to 
quadratic in the thoracic and cervical regions. It is possible to calculate a 
regression line for the whole data. However it is not possible to represent the 
whole data with a single regression line which has a high CoD. Therefore, the 
whole data is divided into sections which show different trends. The lumbar 
section is defined with a linear regression line with R2 of 0.98. The thoracic 
and cervical region is defined with different second order polynomials. The 
CoD is 0.99 for thoracic and 0.98 for the cervical region. While calculating 
these regression lines, two conditions must be fulfilled. The latter function 
must start at data point where the former finishes. The continuity of the whole 
regression line could be satisfied with this condition. The second condition is 
to find the regression line with the higher CoD to get the best regression line to 
represent the data. All regression lines are calculated according to these 
criteria. 
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FIGURE 5.7: Three fitted curves for (Panjabi) VBWu data. 
The regression method was applied to all parameters of Panjabi and Tan data. 
The functions that vary in different regions of spine were calculated and 
presented in Appendix A. Figure 5.8 illustrates approximated functions for 
VBH (Panjabi) data as an example of applied regression method. As shown in 
Figure 5.8, VBH possesses different tendencies in lumbar, thoracic and 
cervical spine regions. The scattered data is concave by nature in the lumbar 
region whereas it is convex in the thoracic and cervical regions. A second 
order polynomial is fitted to the data points that are distributed non-linearly in 
the lumbar region (L5 to T12). The quadratic function represents the data 
completely with a high CoD of 0.96. The convex character of the decreasing 
data in the thoracic region, T12 to T2, is represented with a second order 
polynomial. Although the data appear to be linearly decreasing within this 
region, a quadratic function is fitted for more accurate presentation of the data 
interval with a CoD of 0.99. The distributed data is demonstrated with a non- 
linear curve that is defined as a quadratic function in the cervical region. The 
scattered data is reasonably characterized with the fitted polynomial that has a 
CoD of 0.96. 
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FIGURE 5.8: Three fitted curves of VBH (Panjabi) data. 
5.4.2 Correlations between Parameters that are in Direct Contact 
with the Adjacent Vertebra 
This group includes the parameters related to matching features of the 
consecutive vertebrae. The articular lower facets of upper vertebra are 
matched with the upper facets of the vertebra below. The concerned 
parameters are the height and widths of the superior and inferior facets (FH 
and FW), the horizontal distance between the centres of the superior and 
inferior facets (IFW), and also the vertical distance between the centres of the 
superior and inferior facets (IFH). (Figure 4.23) 
These parameters are available in the Panjabi dataset for the whole spine. 
There is a paucity of publications in the literature about the anthropometrics of 
the facets including all the parameters for the whole spine. Consequently, 
publications by Panjabi are the only available source to investigate the 
correlations between the articular facet parameters of the full spine. 
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Figure 5.9 shows the types of relations that were used to calculate the data 
values of the articular facet parameters. In the first step, the relations between 
the parameters of the matching facets of the consecutive vertebra were 
investigated and explained (cross relation). In the second step, for each 
parameter the relation between the consecutive vertebrae was derived 
(longitudinal relation). 
IFWs IFWi FHs FHi FWs FWi 
C3 35.90 37.80 10.60 11.90 10.80 11.00 
C4 37.60 38.00 12.00 11.50 11.00 11.10 
C5 38.30 40.50 11.20 11.50 11.80 12.30 E 
C6 39.90 38.80 11.70 12.20 13.20 13.10 ä 
C7 38.60 33.60 10.70 13.90 12.80 13.90 
Tl 33.20 28.20 12.60 13.30 14.00 13.20 ms 
T2 28 20 24 30 00 13 11 80 12 10 11 00 2 . . . . . . .1 
T3 24.60 22.30 11.70 10.70 10.60 10.40 
T4 22.10 21.10 11.50 11.00 10.30 9.80 
T5 20.80 20.80 10.90 11.20 9.80 9.70 
T6 20.90 21.40 11.80 11.10 10.10 9.70 
T7 21.00 22.30 11.00 11.00 9.90 10.30 
T8 21.80 23.40 11.70 11.60 10.30 10.70 
T9 23.00 24.60 11.70 12.50 10.70 12.60 = 
T10 24.20 24.60 12.40 11.70 12.90 11.40 
Tu 1 25.20 24.60 12.00 12.50 11.30 10.90 0 
T12 90 25 24 90 12 50 12 70 10 50 9 80 . . . . . . 
Ll 26.20 24.80 12.20 15.70 10.50 10.70 
L2 26.40 26.60 14.60 16.30 11.40 12.70 
L3 28.60 29.10 15.90 16.40 13.90 13.40 
L4 31.40 4.80 17.30 5.60 i 15.30 4.10 
L5 
A"-- I A'-- I Ao- 
Relations Between Parameters of Matching Facets of Vertebrae 
FIGURE 5.9: Relations between articular facet parameters. 
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5.4.2.1 Relations between Parameters of Matching Facets of the 
Consecutive Vertebrae 
Table 5.7 tabulates the strength of the relationship between the articular facet 
parameters. The correlation coefficients were calculated from the data of each 
column by employing linear correlation technique. The results illustrated a 
high correlation between the IFWi and IFWs of each vertebrae. Furthermore, a 
high correlation was found between the width and height of the superior facet 
and inferior facet of the vertebrae as well. 
TABLE 5.7: The correlation between facet parameters for the same vertebra 
in Panjabi dataset. 
Correlation Between 2nd Group of Parameters 
IFWs IFWi FHs FWs FHi FWi 
IFWs 1.00 
IFWi 0.92 1.00 
FHs W10,14 0.35 1.00 
FWs 0.52 0.60 1.00 
FHi 0.25 0.30 0.64 0.50 1.00 
FWi 0.60 0.61 0.49 0.68 1 . 00 
Figure 5.10(a) exhibits the change of (l-Ws data against II; Wi data. As 
expected, there is a very high correlation of' 0.92 found between the superior 
and inferior interfacet widths in each vertebra. However, we have to check the 
correlation between the IFWs and IFWi of the consecutive vertebrae. The 
variation is plotted in Figure 5.10(b). As seen from the figure, the correlation 
coefficient is 0.99 between consecutive vertebrae. "Therefore, it seems to be a 
better choice to start calculating the unknown IFWi value of the upper vertebra 
from the IFWs of the lower vertebrae. 
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FIGURE 5.10: Relationship between superior and inferior interfacet widths 
(IFW), (a) within a vertebra. (b) in between a consecutive vertebrae. 
High correlation is calculated between the FWs and FHs of each vertebra, 
r=0.80. The relationship between these parameters is plotted in Figure 5.11(a). 
In addition to that relation, the relationship between the FHi and FHs of the 
consecutive vertebrae is worth investigating. Figure 5.11(b) ensured that there 
was a very high correlation between the FHi parameter of the upper vertebrae 
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and the FHs parameter of the lower vertebrae. The CoD, R`, was 0.84 which 
corresponds to a very high correlation coefficient of 0.91. As a result, the 
relation between the FH parameters of the consecutive vertebrae can be better 
predictions of the unknown measurements from the measured ones. 
FHs vs. FWs (within a vertebra) 
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FIGURE 5.11 Relationship between (a) FHs and FWs within a vertebra, (b) 
FHs and FHi between consecutive vertebrae. 
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Inferior Facet height (FHi) and width (FWi) of vertebrae were highly 
correlated with a correlation coefficient of 0.73 as shown in 'fable 5.8. Figure 
5.12(a) corroborates the high linear correlation between these parameters. The 
results between FWs of lower vertebra with the matching facet width (FWi) of 
the upper vertebra showed higher correlation between these parameters of the 
consecutive vertebrae. The linear relationship is shown in Figure 5.12(b) with 
a CoD of 0.85 and correlation coefficient of 0.92. The known value of' the 
FWs can be applied to calculate the unknown measurement of IF Wi. 
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FIGURE 5.12 Relationship between (a) FHi and FWi within a vertebra, (b) 
1' Ws and FWi between consecutive vertebrae. 
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5.4.2.2 Relations between the Consecutive Vertebrae for Each 
Parameter 
The variation of parameters in each column is defined in terms of linear and 
non-linear least squares data fitting as explained in the previous section. The 
values of measurements in each column were plotted against the 
corresponding vertebra. Then the data were grouped according to their trends, 
and linear and polynomial functions were fitted to these grouped data. These 
functions were used for regression of the unknown measurements from the 
measured parameters. The function graphs of articular facet parameters were 
presented in Appendix A. The derived functions for IFWs and FHs are 
discussed here for better understanding of the applied technique (see Figure 
5.13). 
The distribution of IFWs data throughout the spine is illustrated in Figure 
5.13(a). The distance between the superior facets widths are decreasing 
linearly in the lumbar spine whilst the variation is not steady in the thoracic 
and cervical spine. The data points in the lumbar and cervical region were 
approximated with a second order polynomial while the thoracic region was 
approximated with a third order polynomial. The approximated functions 
retain all of the variation in the scattered data of the lumbar and thoracic 
region as CoD is 1.0. The second order function possesses good relationship 
with the cervical spine data (CoD of 0.90). 
The variation of FHs dimensions are presented in Figure 5.13(b). It can be 
recognized that the dimensions are imperfectly fluctuating throughout the 
thoracic and cervical regions. Defined facet parameters (FH and FW) identify 
the smallest and one of the most irregular features of the spine. For that reason 
the measurement of these parameters becomes difficult and more indefinite, 
which may include a significant amount of noisy data and variations as 
illustrated in Figure 5.13(b). Although the lumbar data was fully represented 
116 
Chapter 5 Correlation Investigations on Vertebral Parameters 
with a second order polynomial, the thoracic and cervical regions were fairly 
presented even with the third order polynomials (CoD of 0.77 and 0.69). 
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CHAPTER 6 
Investigation of Golden Ratio in Human 
Vertebrae 
The golden ratio (also known as divine proportion, golden section and golden 
mean) has attracted thinkers of all disciplines from ancient times to the present 
day. Artists, musicians and architects have used golden ratio in their studies to 
achieve excellence in their results. In ancient times, Pythagoras, Euclid, 
Leonardo Da Vinci and the astronomer Johann Kepler are amongst well- 
known mathematicians who spent time over this simple ratio and its properties 
(Mario Livio, 2002). Johann Kepler said about the golden ratio that; 
"Geometry has two great treasures: One the Theorem of Pythagoras, the 
other is the division of a line into extreme and mean ratio. The first we may 
compare to a measure of gold; the second we may name a precious jewel. " 
Johann Kepler (1571-1630) 
Golden Ratio is the ratio between two dimensions known as phi ((p), 1.618. 
Two line segments are in golden ratio when the ratio of the length of the larger 
segment to the length of the smaller segment is equal to the ratio of the sum of 
the lengths of the smaller and larger segments, taken together, to the length of 
the larger segment. 
It has long been investigated that some proportions appear within the human 
body. Leonardo da Vinci's "Vitruvian Man", Figure 6.1, is one of the most 
famous images that illustrates appropriate proportions appears in certain 
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sections of human body. In addition to the illustration of the golden ratio 
between the overall lengths of the main parts of the human body like whole 
body, arm, leg, head, trunk; the main parts also illustrate golden ratio within 
itself (face, teeth, hand, and fingers). 
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FIGURE 6.1: Leonardo da Vinci's "Vitruvian Man". 
Although huge effort has been spent to figure out the golden ratios within 
human body, the golden ratio that may appear within the human vertebrae has 
not been delved into so far. A human vertebra has a very unique shape worth 
investigating that contains special proportions between vertebral features. The 
aim of this chapter is to analyse the proportions between particular parameters 
of the vertebrae relying on the published real data, but not on the 
approximation of some vertebral images, in order to determine the possible 
golden ratio between these parameters. 
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The golden ratio concealed within the vertebral parameters is investigated. 
Section 6.1 summarises the mathematical derivation of golden ratio. Section 
6.2 details the discovered golden ratios that appear in the vertebrae. The 
results of different datasets gathered from the literature are examined in 
investigation of golden ratio in the human vertebrae. In Section 6.3, the results 
of the golden ratio calculations are evaluated and discussed. 
6.1 Algebraic Derivation of Golden Ratio 
The algebraic derivation of golden ratio can be obtained by dividing a line into 
a unique proportion as shown in Figure 6.2. The golden ratio arises from this 
proportion so that the ratio of the whole segment to the larger piece is equal to 
the ratio of the larger piece to the smaller piece (see Equation 6.1). 
A+B 
A B 
FIGURE 6.2: The illustration of segments used to calculate GR. 
This division produces the GR (cp ), and can be expressed algebraically as; 
_A+B_A AB 
where; 
(6.1) 
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ýp = the golden ratio 
A= the larger line segment in the proportion 
B =the smaller segment in the proportion 
A+B =the length of line 
The Equation 6.1 is solved for qp , in order to determine its value. The Equation 
6.1 shows that A= 9 B, if this value of A is substituted into Equation 6.1 then a 
new quadratic equation 6.2 is obtained as; 
(p2-gyp-1=0 (6.2) 
The positive root of this quadratic equation is; 
_ 
1+-xf5- 
1.618 
2 
The positive root of the equation is known as golden number, 1.618, whilst 
this number represents the golden ratio between the line segments defined in 
Equation 6.1. 
6.2 Golden Ratio between Vertebral Parameters 
Although the golden ratio within the human body; like face, hand and height 
of the human beings, has been discovered and published in books and articles, 
the ratio within the human vertebrae has not been investigated by the 
researchers so far. 
In the present study, the golden ratio between some of the vertebral parameters 
was identified while the relations between the vertebral parameters were 
investigated. The preliminary effort was to locate the physical vertebra models 
on the golden ruler, which is composed of divided line segments according to 
different golden ratios (Figure 6.2). The attempts with different physical 
models also showed the potential relation between the vertebral body, spinal 
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canal and whole length of the vertebrae which is worth examining (see Figure 
6.4). 
FIGURE 6.3: The golden ruler and physical model of the lumbar vertebrae. 
FIGURE 6.4: Potential golden ratio between parameters that appear in the 
transverse plane of the vertebra. 
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6.2.1 Golden Ratio through the Sagittal Length of the Vertebrae 
The golden relation is investigated between the sagittal (anteroposterior) 
length (SL) of the vertebrae, spinal canal depth (S('D) and vertebral body 
depth of upper end-plate (VBDu). The top view of the vertebrae was utilized to 
investigate the golden ratio within the vertebral parameters as presented in 
Figure 6.5. The SL of the vertebrae is defined in the antero-posterior direction 
of the sagittal plane. SL is the parameter defined from the tip of the spinious 
process to the anterior tip of the upper end-plane. The lines in Figure 6.5 were 
designed to unveil the phi proportions that can be found in a vertebra. The 
horizontal lines portioned with the vertical lines reveal the phi position of the 
SL, VBDu and SCD. 
B 
C 
A 
D 
.............................................. .......................... 
SCl) 
VBDu 
Sagittal 
Length 
FIGURE 6.5: The golden ratio through the sagittal (anteroposterior) length of 
the vertebrae. 
According to proportion presented in Equation 6.1, the golden ratio is defined 
as the ratio of SL to the sum of the VBDu and SCD. The Equation 6.1 can be 
modified according to appropriate parameters as, 
R° 
A+ß_ SL 
(6.3) 
A VBDu + SCD 
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and 
R_ 
D+C VBDu+SC'D 
(6.4) 
D VBDu 
In order to investigate the golden ratio between these parameters, a literature 
survey was conducted to discover the publications including the relevant 
dimensions of the vertebrae in the whole spine. Although the dimensions of 
VBDu and SC'D are quantified in most of the quantitative anatomy studies of 
the spine, SL parameter rarely appears in the publications. I lowever dimension 
of SL can be calculated from the spinous process length (SPL). SP L was 
defined, in Chapter 4, as the length from the centre of the upper end-plate to 
the posterior tip of the spinious process. Once the spinious process inclination 
around transverse axis (SPIt) is defined then SL can be calculated with the 
equation as; 
SL = SPL * Cos(a) + VBDu /2 (6.5) 
where a is the spinious process inclination about transverse axis. The 
computation of the Equation 6.5 is presented in Figure 6.6. 
SL 
VB 
u 
SPL 
uý 
FIGURE 6.6: The utilization of SPL and SPIt parameters for SL calculations. 
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The ratios Ro and RI of Equation 6.3 and 6.4 by using the data collected from 
one complete spine were calculated to investigate the existence of golden ratio 
in human vertebrae. Serge Van Sint Jan (2005) published the results of the 
VAKHUM project and computerised tomography (CT) scanned model of a 
human spine from a cadaver. In this study, the solid model is exported to CAD 
software to measure the necessary dimensions for calculation of the golden 
ratio. The VBDu, SPL and SL were quantified from the vertebrae model by 
measuring the relevant distances. The dimensions were recorded and exhibited 
in Table 6.1. 
TABLE 6.1: The dimensions from CT-Scan model. 
VBDu SCD SL 
C3 17.2 16.8 48.5 
C4 17.3 14.6 48.9 
C5 18.0 15.2 49.5 
C6 18.9 15.0 52.7 
C7 17.4 14.3 61.2 
TI 17.8 16.6 66.0 
T2 20.1 15.7 69.9 
T3 22.5 16.1 68.8 
T4 24.4 16.2 67.4 
T5 24.7 15.6 66.7 
T6 26.6 15.8 68.1 
T7 27.2 16.3 67.5 
T8 28.1 16.3 68.0 
T9 29.9 15.5 68.7 
T10 30.2 15.4 70.6 
T11 30.3 15.0 70.7 
T12 31.0 14.5 71.3 
L1 32.8 14.7 76.7 
L2 34.2 15.6 81.0 
L3 34.6 16.9 82.0 
L4 35.6 17.5 81.1 
L5 35.2 17.0 80.4 
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The results of Ro and R, ratios are shown in Figure 6.7. The ratios are 
fluctuating very close to the golden ratio from L5 to T4. The results appeared 
to be around the golden ratio±0.5. At the level of L1 and T6, the ratio exactly 
matches the golden ratio. The ratios are within the 1.5-1.6 interval from T7 to 
L1, except from T12 to L3 for R1 ratio. R1 and Ro diverge from the golden 
ratio between T3 and C7 levels except the Ro ratios between C4 and C6 levels. 
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FIGURE 6.7: The ratios Ro and Rl from CT-Scan model. 
The VBDu, SCD and SPL parameters of whole spine were also gathered from 
Panjabi et al. (1990a, 1990b, 1991) and Tan et al. (2003) that belong to 
Caucasian and Chinese cadavers, respectively. The mean dimensions were 
reported in both publications. Inclination angle of the spinous process length 
(SPIt) was not reported in any of these studies. As the missing values of SPIt 
were essential for the investigation of the golden ratio, a realistic physical 
spine model that is produced for clinical investigations was measured in by 
using a digital measuring device and then these coordinates were used to 
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calculate SPIt at each vertebral level. Table 6.2 tabulates the SPIt together 
with the mean dimensions of the parameters from Panjabi and Tan. 
Berry et al. (1987) quantified the dimensions of SCD, VBDu and SL collected 
from 10 cadavers. The mean of the collected dimensions were published for 
the whole lumbar spine (L1 to L5) and three levels of thoracic spine (T12, T7 
and T2). These mean values were presented in Table 6.3. 
TABLE 6.2: (a) Panjabi and (b) Tan data (mm), (c) SPIt values (degree). 
(a) 
VBDu SCD SPL 
C3 15.00 16.20 29.60 
C4 15.30 17.70 30.30 
C5 15.20 17.40 28.50 
C6 16.40 18.10 34.20 
C7 18.10 15.20 45.00 
TI 18.50 16.40 50.10 
T2 19.60 15.30 52.10 
T3 22.70 15.90 51.70 
T4 23.30 16.20 51.10 
T5 24.30 16.30 52.10 
T6 26.00 16.50 53.80 
T7 27.40 16.10 50.50 
T8 27.90 15.90 52.80 
T9 29.30 15.70 51.30 
T10 30.50 15.50 49.30 
T11 31.90 16.00 45.60 
T12 32.80 18.10 47.40 
L1 34.10 19.00 67.70 
L2 34.60 18.20 71.70 
L3 35.20 17.50 71.70 
L4 35.50 18.60 70.10 
L5 34.70 19.70 68.30 
(b) (C) 
VBDu SCD SPL 
C3 13.60 10.30 25.60 
C4 14.00 10.30 30.30 
C5 14.30 10.30 33.60 
C6 14.60 10.30 40.50 
C7 15.10 11.00 46.90 
T1 14.90 11.60 48.30 
T2 16.30 11.70 48.30 
T3 18.00 12.00 49.00 
T4 18.90 11.80 48.40 
T5 20.50 11.50 49.80 
T6 21.80 11.60 50.70 
T7 22.70 11.90 51.80 
T8 23.30 11.90 51.90 
T9 24.40 11.80 51.50 
T10 25.40 11.90 49.80 
111 25.40 11.80 48.40 
T12 26.70 12.40 48.50 
L1 27.50 12.50 51.50 
L2 28.30 11.70 54.40 
L3 29.90 11.20 57.60 
L4 30.80 11.20 55.10 
L5 30.40 111.40 150.60 
SL was calculated by using Equation 6.5 with the dimensions presented in 
Table 6.2. Ro and RI values of Equation 6.3 and 6.4 were presented in Figures 
6.8 and 6.9 for Panjabi, Tan and Berry data respectively. 
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TABLE 6.3: The mean dimensions of some parameters (Berry et al. 1987). 
VBDu SCD SL 
T2 18.10 15.00 64.10 
T7 27.00 16.60 63.90 
T12 31.70 17.20 73.40 
L1 31.90 17.20 79.90 
L2 33.30 16.00 85.00 
L3 33.90 16.20 85.60 
L4 34.90 16.10 83.40 
L5 35.10 17.30 74.10 
The results showed similar trends through the spine for each datasets. The 
ratios, Ro, were fluctuating around golden ratio, 1.61, in a narrow interval 
between 1.50 and 1.70 from L5 to L1 for Panjabi data and L5 to T9 for Tan 
and Berry data with the exception of largest deviation from the golden ratio in 
the lumbar spine as inspected at L5 of Berry data. This result can be expected 
since the largest standard deviation was reported for SL in Berry et al. The 
ratio of Panjabi data reduced dramatically at T12 level where the ratio was 
lower than 1.3. The Panjabi ratio reduced to the 1.20-1.30 interval from T12 to 
T4. The ratio increased and became closer to 1.61 between T2 and C7 level. 
From C6 to C3 level, the ratios appeared to be highly distant from the ongoing 
trend. The results are illustrated in Figure 6.8. 
The R1 ratio is calculated and presented in Figure 6.9. The results of Panjabi 
and Berry showed similar trends from L5 to T3. The closest results were 
calculated from Panjabi data which were within the ± 0.1 interval of the 
golden ratio between L5 and T3. Panjabi ratios were deviated from the golden 
ratio from T2 to C3. The ratio distribution of Tan data was steadier than the 
Panjabi data throughout the spine. The ratios were closest to golden ratio in 
the T8 and T2 region while the ratios were ±0.2 interval of the golden ratio fro 
the remaining vertebrae. 
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The results presented in Figures 6.8 and 6.9 were calculated from the 
published mean dimensions of the vertebrae. The standard error of 
measurements as given in Tables 5.1 and 5.2 published in the related papers 
indicated considerable variability in the measured dimensions, especially in 
the VBDu and SPL that would affect directly the value of ratios. SPIt is an 
independent parameter that varies significantly for each vertebra as inspected 
from the spine pictures found in the literature. This variability could also affect 
the variation of the ratios from the golden ratio. The ratios calculated from 
three different datasets (Panjabi, Tan and Berry) pointed out that the golden 
ratio appears in the vertebrae. 
In order to investigate the disappearance of golden ratio in the thoracic region 
of Panjabi data, the dimensions were reviewed once more from the references. 
Tan et al (2004) measured the dimensions of Chinese population vertebrae and 
compared against Caucasian. The vertebral dimensions of Caucasians are 
larger than the Chinese for all parameters. The differences between 
dimensions were calculated for SCD, VBDu and SPL in the thoracic spine. 
Average of VBDu and SCD dimensions of Caucasians are larger by 17.8% 
and 26.7%, respectively. Average of SPL dimensions is larger by 1.8% in the 
thoracic spine, which means the dimensions of two populations are almost 
equal. The difference of 1.8% does not make sense since this difference is 
comparatively small when compared to the average difference of the other 
parameters. In the lumbar region, SPL is larger by 22.8% compared to the 
Chinese. This huge difference between the average dimensions of lumbar and 
thoracic spine appears to be due to the significant decrease of SPL in the 
thoracic spine. In addition to those, the average differences were calculated by 
including all regions of the spine. The parameters are larger from the Chinese 
varying between 10.2% and 31.8% (average of 16.8%) with the exception of 
VBHp and SPL, which are larger by 4% and 5.5% respectively. It is expected 
to find out small differences between VBHp dimensions in different 
populations. However, the difference of 5.5% does not seem to be sensible 
when the averages of all dimensions are larger by 16.8%. 
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6.2.2 Golden Ratio through the Transverse Process Width 
TPW and SCW are the parameters positioned in the transverse plane parallel 
to each other. As shown from the top view of a typical lumbar vertebra in 
Figure 6.9, these two parameters have the potential to possess a golden ratio 
between each other, which is worth inspecting. The vertical lines portioned 
with the horizontal lines reveal the golden section position of' the SCI r and 
TPW. In this case the golden rcitio under investigation is, 
A+B TPW 
R2 
A (TPW - SCW) l2+ SCW 
(6.6) 
Aß 
I 
7PW - SCW SCW 
1) 
Transverse Process Width (TPW) 
FIGURE 6.10: The golden ratio between TPw'and SCIV. 
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Panjabi and Tan measured the relevant parameters and published the mean 
values in the literature. In addition to these publications, these parameters were 
measured from the 3-D CT-Scan model of the spine. Three different datasets 
were studied for the golden ratio investigation. These datasets were presented 
in Table 6.4. The dimensions were placed in Equation 6.6 and the ratios were 
calculated for each vertebral level. 
TABLE 6.4: The dimensions of TPW and SCW from (a) Panjabi (b) Tan 
dataset and (c) CT-Scan model. 
(a) (b) (c) 
TPW SCW 
C3 50.30 22.90 
C4 48.50 24.70 
C5 46.40 24.90 
C6 49.50 25.80 
C7 66.60 24.50 
TI 75.30 21.80 
T2 69.40 19.50 
T3 60.80 18.30 
T4 56.90 17.00 
T5 61.10 17.10 
T6 61.30 17.30 
T7 60.40 17.30 
T8 59.90 17.70 
T9 59.30 17.90 
T10 58.40 18.20 
T11 52.20 19.40 
T12 46.90 22.20 
L1 71.20 23.70 
L2 76.10 23.80 
L3 85.70 24.30 
L4 79.40 25.40 
L5 92.50 27.10 
TPW SCW 
C3 41.40 19.20 
C4 44.90 19.30 
C5 47.60 20.30 
C6 48.40 20.60 
C7 53.80 19.70 
TI 63.80 17.70 
T2 57.50 15.20 
T3 51.30 14.20 
T4 49.80 13.50 
T5 49.70 13.60 
T6 50.20 13.80 
T7 49.70 13.90 
T8 47.80 14.10 
T9 47.90 14.20 
T10 45.40 14.20 
T11 43.00 15.30 
T12 
. 
41.00 17.90 
L1 53.60 19.40 
L2 64.30 19.50 
L3 71.40 19.40 
L4 67.70 20.20 
L5 71.30 23.40 
TPW SCW 
C3 54.20 27.90 
C4 56.10 26.80 
C5 57.40 27.00 
C6 60.20 27.20 
C7 69.80 26.10 
TI 78.60 21.70 
T2 72.20 18.70 
T3 65.80 17.60 
T4 62.20 16.90 
T5 64.00 16.70 
T6 63.60 16.60 
T7 63.30 17.00 
T8 61.20 17.10 
T9 65.00 17.70 
T10 59.00 18.60 
T11 48.00 20.00 
T12 43.00 22.40 
L1 77.00 24.00 
L2 85.00 24.00 
L3 92.75 23.60 
L4 96.00 25.00 
L5 99.76 28.90 
The ratios from the datasets were plotted in Figure 6.11. All of the datasets 
displayed similar trends of ratios throughout the spine. The ratios were close to 
the golden ratio in the lumbar and thoracic regions, except TI I and T12. In 
lumbar and thoracic regions, the ratios were within the interval of 1.6 and 1.5, 
closer to the 1.6 in the thoracic region. The largest deviation from the golden 
ratio was examined in the T11 and T12 level, since TPW is smallest at this 
level of the spine. The ratios decreased in the cervical region due to the 
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smaller TPW and larger SCW values. C7 had a value of 1.46 and the remaining 
cervical vertebrae had ratios between 1.3 and 1.4. 
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FIGURE 6.11: R2 ratios from the reference datasets. 
In this chapter, Golden Ratio was sought to perceive the hidden relationships 
between the parameters of the human vertebrae, as revealed from the images 
of different vertebrae. Golden ratio investigations constitute one of the 
novelties of this study by employing genuine vertebral data from CT-scan 
models of cadaver vertebrae. The mathematical relations (golden ratio) 
revealed within the parameters possess the potential to help predict the 
unknown dimensions of various other parameters from the relationships 
detected. The investigations yielded promising results, which may be further 
examined for some other possible relations amongst various spinal features. 
o00 
öoQQ8 8$ý 800 
0 o8 a 0 
ýo0 0 
0 
A° 
°o0 
00 
n Panjabi 
o Tan 
o CT-Scan 
133 
Chapter 7 3-D Human Spine Generation & stem tem 
CHAPTER 7 
3-D Parametric Human Spine Generation 
3-D human spine model generation is a challenging and time-consuming 
procedure due to the complexity of the each particular vertebra, which is 
composed of eleven non-linear geometric features with different shapes, 
dimensions and orientations. Modelling the human spine in fully parametric 3- 
D computer aided design (CAD) systems offers numerous benefits in terms of 
productivity, adaptability to any spinal shape and dimension, the ability to 
rapidly generate alternative postures of the spine with different curvatures, and 
elimination of errors that may result from the disparity between different 
quantitative anatomic studies. 
This chapter explains the methodology of generation of a 3-D human spine 
from the construction of section and guide curves using the independent 
parameters already explained in the fourth chapter. The additional dependent 
parameters, which were also explained within this chapter, were derived from 
the independent parameters to calculate the locations and orientations of the 
features. Section 7.2 summarizes the modelling logic and technique used in the 
CAD software. Section 7.3 is divided into sub-sections, which describe how to 
model each feature of vertebra in detail. Orientation and positioning of the 
vertebrae are also covered, by which a generalised upright sitting/standing 
posture is obtained. 
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7.1 Modelling Process 
Commercial computer aided design package, I-DIAS", was used for 
modelling the human spine. When building a part in I-IDFASH, three step 
modelling technique is used as a routine. First, a plane is established to sketch 
a two dimensional wireframe on. Second, two dimensional Lireframe is 
sketched and then constrained by dimensions and geometrical constraints such 
as being perpendicular or parallel. Finally, the new part or feature is created 
from an operation like extrude, revolve or sweep. The three step modelling 
process is illustrated in Figure 7.1. 
---------------------- 
:Y 
'X' 
1. Establish a plane 2. Sketch and constrain 3. Create a part by 
extruding section 
FIGURE 7.1: The three-step modelling process. 
Sketching is always carried out on a plane, which can be a face of the part, a 
reference plane or a reference coordinate system associated with the part. 
When compared to the other two options, using reference coordinate system as 
a sketching plane is more appropriate and flexible for vertebra modelling, 
since all the features have different sections lying on different planes and 
different orientations. Using reference coordinate systems in modelling also 
has an advantage to build a platform to associate between the features that the 
system can update the whole part whenever the parameters of the reference 
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coordinate system (RCS) is edited. The global coordinate system is 
automatically defined by I-DEAS and is permanent. The global coordinate 
axes have a fixed location. All other coordinate systems are defined relative to 
the global system. In the present model, the main coordinate system (ßl9(', 5') is 
defined with an origin located at the centre of the superior end plate of each 
vertebral body with local coordinates of (0,0,0). This point is regarded as the 
centre of the vertebra, hence all the RCS of the features of the vertebra are then 
oriented with respect to MCS. The directions of the axis of the ý11('S are taken 
as the same in the literature for ease of use. The positive Y-axis is normal to 
the ground and oriented towards the upper vertebra, while the positive /-axis 
lies in the sagittal plane parallel to the ground and oriented in anteroposterior 
direction. The RCS has 6 degrees of freedom; three for orientation about the X, 
Y, and Z axes and three for translation along the same principal axes, the 
positive directions are illustrated in Figure 7.2. The values of these parameters 
must be entered into the program if any RCS is defined. 
+TraY 
+1 
+Tra7, 
FIGURE 7.2: The positive translation and rotation directions of axis of MUS. 
The section curves of the feature are sketched on the appropriate planes of the 
RCS. The section curves can be constructed from line, splines, ellipse or arc. 
The sketched section must be constrained properly to define a fully 
constrained section. The fully constrained section means that the degree of 
freedom of the section (curves) is zero. If the system is not fully constrained or 
partly constrained, the applied changes to the dimensions of the section may 
result in unexpected geometries. The CAD program automatically changes the 
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unconstrained edges of the section to maintain the edited dimensions. Once the 
section is created, the dimensions can be added to control the part's size. Fully 
constrained section can be constructed by adding dimension constrains to 
every curve of the section. If the user adds dimension to any curve, then the 
program recognises the curve dimension as a constant value, otherwise the 
program realises the curve dimension as a variable value. The second way of 
constraining a section is to add geometric constraints such as parallel, vertical, 
coincident, or collinear with respect to curves with dimension. 
The section curves (wireframe) is transformed into reference curves to prevent 
wireframe construction lines including the geometric constraints and 
dimension lines from getting eliminated when a feature is build from them. 
The reference curves are stored in the history tree of the part, thus these curves 
can be reused to build sections of new features. The reference curves are also 
used to generate a part or feature by using extrude, loft or sweep options of the 
program. 
7.2 Construction of Vertebral Features 
The section of every feature of vertebra is constructed on a different RCS with 
respect to MCS. The translation and rotation parameters of the RCS are 
associated to the independent parameters of the vertebra. If the independent 
parameters of the system are updated to generate new vertebrae than the 
orientation of every RCS is revised to create the desired model. The hierarchy 
between the coordinate systems are stored in the history tree of I-DEAS®. 
Every new RCS is added to the parent coordinate system (MCS) as a child 
node (RCS). The hierarchy and names of the coordinate systems in the 
vertebra model is illustrated in Figure 7.3. 
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Vrt ra- 
MCS 
Upper End-Plate: 
RCS! Spinous Process: 
RCS7 
Lower End-Platei InferiorFacet: 
edi le: Suaerior Facet: RCS6 RCS3 RCSS 
'ransverse Process: 
RC *4 
FIGURE 7.3: The hierarchy of the coordinate systems. 
7.2.1 Vertebral Body 
To establish a workplane for the vertebral body, two reference coordinate 
systems were defined for the endplates associated to MCS. The upper RCS 
(RCSI) seized the inclination parameter of the upper endplate, VBIut, while 
the other parameters were set to zero to coincide with the MCS. After the 
orientation of the RCSI, an elliptic curve was sketched on the ZX plane of the 
RCSI to construct the section of the upper endplate. The major and minor radii 
of the elliptic curve were defined as the half of VBWu and VBDu, respectively 
(Figure 7.4). The calculations and values of RCSI parameters were 
summarised in Table 7.1. 
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RCSI 
VBfut 
-ý--~ VH I) U /2 
VRWu/2 
FIGURE 7.4: The RC SI, section curves and parameters of the upper endplate. 
TABLE 7.1: The translational and rotational parameters of RCS 1. 
Translation and Rotation Parameters Formulation of Parameters 
RC'S1 Tx 0 
RC'SJTy 0 
RC SITz 0 
RCSI Rx VBIiu 
RCS1 Ry 0 
RC: SI Rz 0 
To obtain the orientation of the end-plate, the lower RCS (RCS2) was rotated 
and translated by VB11t, and VBH, respectively. Remaining parameters were 
set as zero to construct the centre of the lower endplate to lie in the same axis 
with the upper endplate. The construction of the lower endplate section was 
similar to the upper endplate where two new parameters were defined as the 
width (VBWI) and depth (VBDI) of the lower endplate (Figure 7.5). Table 7.2 
summarises the calculations and values of RCS2 parameters. 
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\-/fr 
RCS2 
............. 
VRIlt 
VIM 
VHi)I/2 
1. ; -' -ý----"ý 
VBW112 
FIGURE 7.5: The RCS2, section curves and parameters of the lower endplate. 
TABLE 7.2: The translational and rotational parameters of RCS?. 
Translation and Rotation Parameters Formulation of Parameters 
RCS2T. x 0 
RCS2Ty VBII 
RCS2Tz 0 
RCS2Rx VBIIi 
RCS2Ry 0 
RC . S2Rz 0 
The height of the vertebra, VBH, (see Figure 7.6) is a dependent parameter and 
can be derived from the independent parameters with the formulae as; 
VBH = VBtlp-(sin (VBIui)*VBDu/2)-(sin (VBIIi)*VBDI/2) (7.1) 
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V BIut 
__- 
VBDu 
---; 16 
V BH tiTBHp 
VBllt ------ _ 
VBD1 
FIGURE 7.6: VBIJ of the vertebral body. 
The guide curve that connected the upper endplate to the lower to form the 
lateral face of the vertebral body was modelled with an arch defined by three 
points as seen in Figure 7.7. The vertebral body arch (Vß, 9) was sketched on a 
reference plane (RP), which was normal to the lower endplate section curve 
along the bigger elliptic axis; hence the start point of' the arch was on that 
curve. ']'he end point was constrained on to the upper endplate section curve. 
The x, y and z coordinates of the middle point were assumed and calculated as 
follows; 
VBA. r= (VBWu + VBWI)/4 (7.2) 
VBA,, = -2/3 * VBH (7.3) 
VBA. = 0 (along the elliptic axis) (7.4) 
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Reference 
Plane 
FIGURE 7.7: The RP and guide curve modelled as an arch. 
The fully constrained arch was swept along the elliptic section curves by 
assigning them as path curves and the lateral face of the vertebral body was 
generated. The upper and lower surfaces were then created by the elliptic 
sections and stitched to the lateral face of the vertebral body to turn these 
surfaces into a solid model as illustrated in Figure 7.8. 
FIGURE 7.8: 3-D parametric solid model of the vertebral body. 
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7.2.2 Spinal Canal 
The spinal canal section was not used to create a solid spinal canal model, 
since the spinal canal was the void feature formed by the vertebral body, 
pedicles and laminae. The spinal canal section was created in order to be used 
as a path curve for the creation of the laminae. which was explained later in 
this chapter. 
The elliptic section of the spinal canal was sketched on the ZX plane of the 
MCS with three parameters. The auxiliary lines were created and constrained 
as explained in vertebral body section. The SCW and SC D were the 
independent parameters of the constructed wireframe. The distance from the 
origin of the vertebral body to the origin of the spinal canal ellipse, S('1;, was 
an independent parameter to fully constrain the section (Figure 7.9). The 
spinal canal eccentricity (SCE) was assumed from the independent parameters 
as; 
SCE= VBDu/2 + SC'D/2 (7.5) 
FIGURE 7.9: The parameters of the spinal canal section curve. 
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7.2.3 Pedicles 
The translational and rotational parameters of pedicles RCS (RCS3) were 
calculated from dependent parameters. The pedicle translation parameters with 
respect to x, y and z axis were calculated as listed in Table 7.3. The rotation 
about z-axis and x-axis were defined with parameters PDIs and PDIt, 
respectively. The rotation about y-axis was set to zero. 
Once the translational and rotational parameters of the RCS3 is entered then 
the section of the pedicle and auxiliary lines were constructed in the XY-plane 
of the RCS3. The section curves of the pedicles were chosen as elliptic. The 
major and minor diameters of the ellipse were defined as PDH and PDW 
parameters, respectively. The appropriate geometric constraints were applied. 
The RCS3 was fixed to the centre of the elliptic curve to fulfill the fully 
constrained wireframe. Figure 7.10 demonstrates the section curves and the 
parameters of the RCS3. 
TABLE 7.3: The translational and rotational parameters of RCS3. 
Translation and Rotation Parameters Formulation of Parameters 
RCS3Tx SC W12 + PD W12 
RCS3Ty -1/2 * VBH 
RCS3Tz SCE 
RCS3Rx PDIs 
RCS3Ry PDIt 
RCS3Rz 0 
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PI)W/2 
FIGURE 7.10: The RCS3, section curves and parameters of the pedicles. 
The generated and constrained section of the pedicle was extruded in the z- 
direction of the RCS by the amount of SCE (Figure 7.11). 
FIGURE 7.11: The 3-D parametric solid model after pedicle generation. 
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7.2.4 Transverse Process 
As there is a lack of data in the literature about the location of the transverse 
process, the translation of the RCS of the transverse process (RC S4) was 
assumed to be same with the coordinates of the RCS3 (Table 7.4). The 
rotational parameters of the RCS- were neglected except the sagittal 
inclination of this feature (TPIs). The rectangular section curve of the 
transverse was sketched on the ZY plane of the RC : S3. Two independent 
parameters were defined to construct the rectangular section (71111 and 7TD) 
while two dependent parameters, (TPHa and TPDa) were introduced to fully 
constrain the rectangular section. TPH, and TPD was estimated to be the half 
of the dimension values of TPH and 7 TD, respectively, in the sagittal plane 
and calculated as; 
TPH TPH /2 (7.6) 
and 
TPD=TPD/2 (7.7) 
FIGURE 7.12: The RCS4, section curves and parameters of the transverse 
process. 
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TABLE 7.4: The translational and rotational parameters of RC S-1. 
Translation and Rotation Parameters Formulation of Parameters 
RCS4Tx S('W'2 i PDW/2 
RCS4Ty -1/2 * I'Bl1 
RCS4Tz SCI: 
--------- - RCS4Rx U 
RCS4Ry 7'1'Is 
RCS4Rz 0 
Transverse process section extrusion distance (TPE) is an dependent 
parameter, which is calculated from the dependent parameters SCW, PDW and 
TP W; 
TPE = (TPW-SCW-PDW)12 / sin (TPIs) (7.8) 
The isometric view of the combined solid structure is illustrated in Figure 
7.13. 
.. ý 
rtý 
Yy. 
t` 
f_ý 
. _i'; 
FIGURE 7.13: 3-D parametric solid model after transverse process 
generation. 
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7.2.5 Articular Facets 
The geometric shape of the superior and inferior facets of the human spine 
differs in structure for the lumbar vertebrae and those for the thoracic and 
cervical. The curved shape of the facets in the lumbar spine becomes planar in 
the thoracic and cervical region. As a result, different sections and 
construction algorithms are used for the generation of facets in every spine 
region. Although different section curves leads to define different number of 
parameters, the number of independent parameters used in the modelling of 
articular facets is same. 
As a routine, the centre of the RCS of every facet was defined at the centre of 
the facet surface at all levels of the spine and the orientation of the RCS of the 
facets were achieved by two independent parameters, which were the angles of 
the facets surfaces with respect to transverse (CAXs) and sagittal (CAYs) 
planes as explained in Chapter 4. 
7.2.5.1 Lumbar Region 
The translation of RCS5 of superior facet through the x-axis was defined by 
interfacet width (IFWs). Although the x and z-axis translation parameters of 
the superior facet RCS5 can be derived from other independent parameters, 
there is no information available about the y-axis translation. The y-axis 
translation value was assumed to be zero, which appeared reasonable when the 
anatomical models of the vertebrae were inspected. The x, y and z-axis 
translation and rotation parameters are summarized in Table 7.5. 
Two section curves were formed to generate the solid model of the superior 
facet. The first section was an elliptic curve, which was constructed on the XZ- 
plane of the RCS5 to define the width (FWs) and height (FHs) parameters of 
the superior facet (Figure 7.14). 
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TABLE 7.5: The translational and rotational parameters of R(S5. 
Parameters of RCS5 Formulation oC Parameters 
RCS5Tx IFWs/2 
RCS5Ty 0 
RCS5Tz SCE+SCD/2 
RCS5Rx CAXs 
RCS5Ry CA Ys 
RCS5Rz 0 
CAXs 
RCS5Tzý_ 
CAYs 
s2,. 
RCS5 
Arch 
i 
Section 
FHs/2 
FWs/2 
11 --- 
FIGURE 7.14: The RCS5, section curves of superior facet and parameters. 
The curved section of' the superior facet was constructed as an arc on the AT- 
plane (Figure 7.14). The arc was defined with three points. The start and end 
points of' the arch were attached to the elliptic section of the superior facet. 
The middle point was aligned with the centre of the elliptic section. The first 
and the last points were derived from the SFW and FD. The middle point 
which defined the shoulder of the arch sections was assumed and derived from 
SFW as given in 'Table 7.6. 
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TABLE 7.6: The parameters of arc section of superior facet. 
Parameters of Arch Formulation of Parameters 
SFCx, 1(start) SFW/2 
SFCy, 1(start) 0 
SFCx, 2 (middle) 0 
SFCy, 2 (middle) -SFW/3 
SFCx, 3 (end) -SFW/2 
SFCy, 3 (end) 0 
A series of model construction operations were processed to complete the 3-D 
solid model of the superior facet. First, the arch section was extruded to form 
superior facet inner surface through z and -z directions with a value of SFH/2. 
After the construction of the inner surface, the surface was offset towards the 
vertebral body to create the outer surface of the superior facet. The distance 
between the surfaces was defined with superior facet depth (FDs). The solid 
model of the superior facet was given in Figure 7.15 (a). Then the superior 
facet was assembled to the other features via pedicle section curves. The 
pedicle elliptic section curves and superior facet elliptic section curves were 
lofted to join these two features (Figure 7.15 (b)). The convex section of the 
arch section is extruded, as seen in Figure 7.15 (c) and cut out from the whole 
model to form the inner surface of the superior facet (Figure 7.15 (d)). 
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(a) 
(c) 
(d) 
(b) 
FIGURE 7.15: The steps to generate the solid model of the superior facet of 
the lumbar spine. (a) The conic section was extruded (b) pedicle section and 
superior facet section were lofted (c) the inner conic section was extruded 
(d) the inner section was cut out fiom the vertebra. 
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The interfacet height (IFH) parameter was defined when the inferior facet RCS 
(RCS6) was translated in the negative y-axis direction. The interfacet width of 
the inferior facet (IFWi) was identified with the translation of RCS6 in the x- 
axis direction. The translation in the z-direction was assumed to be the same as 
the superior facet RCS5. The parameters of RCS6 are listed in Table 7.7. 
The inferior facet elliptic section was sketched at the XZ-plane after the 
orientation of RCS. The inferior facet height (FHi) and inferior facet width 
(FWi) are introduced within this section as new independent parameters of the 
model (Figure 7.16). 
The curved surface of the inferior facet was sketched as an arc section. The 
parameters of the arc section were defined with the same formulations of the 
superior facet conic section, as introduced in (Table 7.6), to create same 
geometric surfaces for the inferior and superior facets since the curved 
surfaces were matched for the consecutive vertebrae. The facet depth of the 
inferior facet (FDi) was defined within the arch section of the facet (Figure 
7.16). 
TABLE 7.7: The translational and rotational parameters of RCS6. 
Parameters of RCS6 Formulation of Parameters 
RCS6Tx IFWi/2 
RCS6Ty IFH 
RCS6Tz SCE+SCD/2 
RCS6Rx CAXi 
RCS6Ry CAYi 
RCS6Rz 0 
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FIGURE 7.16: The RCS6, section curves of inferior facet and parameters. 
The fully constrained and parameterized conic section curve was extruded in 
the z and -z directions with the FHi value. The generated solid model of the 
inferior facet was added mathematically to the remaining solid part, which 
would be joined geometrically after the creation of laminae (Figure 7.17). 
FIGURE 7.17: 3-D parametric solid model of the inferior facet. 
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7.2.5.2 Thoracic Region 
The articular facets of the thoracic region have flater surfaces when compared 
to lumbar region. In thoracic region, the orientation and translation of the 
RCS'are similar to the lumbar region. The elliptic curves sketched on the /, V- 
plane of the RCS5 and RCS6 were used to generate the facets. 't'hese elliptic 
section curves were extruded in the y-axis direction with the value of H)s and 
FDi to form the superior and inferior facets, respectively. The extruded 
features were added to the whole vertebral body. The 3-1) parametric solid 
model of the superior and inferior facets of thoracic spine is illustrated in 
Figure 7.18. 
le 
FIGURE 7.18: 3-D parametric solid model of the superior and inferior facets 
of thoracic spine. 
7.2.5.3 Cervical Region 
The section curves used for the modelling of the articular facets of the cervical 
spine is similar to the ones for the thoracic spine. The elliptic section curves 
were used to generate the articular facets after the orientation of the RCS5 and 
RCS6. The elliptic section curves sketched on the XZ-plane of the RCS were 
lofted between each other to form the solid model of the inferior and superior 
facets of the cervical spine. Lofting of the section gives a realistic 
representation of the cervical spine articular facets as seen in Figure 7.19. 
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rY 
FIGURE 7.19: 3-D parametric solid model of the superior and interior facets 
of cervical spine. 
7.2.6 Spinous Process 
The spinous process was created from a rectangular cross-section. which was 
composed of four lines. The section curves were sketched on the spinous 
process RCS (RC : S7) with the translational and rotational parameters listed in 
Table 7.8. As tabulated in Table 7.8, the translation and rotation in the x 
direction was set to zero. Therefore, the section curves were sketched in the 
sagittal plane of the vertebrae. The translation in the z-direction is the distance 
from the MCS. The translation in the y-direction was assumed as the half of 
superior facet height, which was observed from the physical vertebrae models. 
TA13LE 7.8: The translational and rotational parameters of RCS7. 
Parameters of RCS7 Formulation of Parameters 
RC'S7Tx 0 
RC : S7Ty FHs/2 
RC. 'S7Tz VBDu/2 + SCD 
RCS7Rx 0 
RC'S7Ry 0 
RCS7Rz 0 
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Three parameters were used to define the rectangular section of the spinous 
process. One of the parameters is dependant while the other two are 
independent. The spinous process posterior height (, ß'1'1! u) is the dependant 
and inclination in the sagittal plane (SPIT) and SPL are the independent 
parameters of the section (Figure 7.20). The spinous process anterior height 
(SPHa) can be calculated from the dependent parameters. The was 
estimated to be the half of the distance between the lacets in the transverse 
plane and calculated as; 
SPFI, = 1FH /2- (FH,. + F/I, )/4 (7.9) 
spit 
L 
Spinuus Process 
FIGURE 7.20: The RCS7, section curve of inferior facet and parameters. 
The section curves were extruded in the x-axis, which is normal to transverse 
plane. The parameter SPW was used for the extrusion distance of the spinous 
process. The generated solid had a width of SFW/2, which doubled its size 
following the reflection of the whole solid part about the transverse plane. The 
solid model of the vertebra is illustrated in Figure 7.21 with the spinous 
process. 
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FIGURE 7.21: 3-D parametric solid model of the spinous process. 
7.2.7 Laminae 
The lamina was the last feature created in the generation of the vertebrae. The 
lamina cross section was created from the elliptic curve described in spinal 
canal section of this chapter, which joined all the created posterior features of 
the vertebrae up to now. First, the spinal canal reference curve was offset 
inferiorly to define the plane to sketch the section curves. The offset plane 
distance was assumed to be FHA/2 since the upper edge of the lamina joined 
the lower edge of the superior facets. Secondly, the offset section curve was 
offset in the same plane to create the lamina thickness (L7). L7' was assumed 
to be equal to the superior facet depth (FDs), since in reality these two features 
are connecting along their thicknesses. The created lamina section was 
extruded in the inferior direction of the vertebra (see Figure 7.22). The 
extrusion distance was the lamina height, LH, which was assumed as the 
distance between the facets in the transverse plane and calculated as: 
LH= IFH- (FH, + FI-1, )/2 (7.8) 
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FIGURE 7.22: The cross section and parameters of the lamina. 
7.3 Completed Generic Vertebra 
There were two more steps to perform before completing the füll 3-D generic 
vertebra. As the first step, the created model was divided into two with the 
MC'S Y/--plane. This step is achieved to divide the fully modelled vertebral 
body and lamina features which may lead to some problems \\hen reflecting 
the model in the second step. The left part of the symmetric features is already 
modelled since the vertebrae possess symmetry with respect to the sagittal 
plane. The left side of the vertebra was kept while the right side of the model 
was completely deleted. In the last step, the remaining model was reflected 
about the YZ-plane (sagittal plane) of the MCS to generate the full solid model 
of the vertebra. The isometric view of resulting 3-D parametric solid model of 
a vertebra is shown in Figure 7.23. The thoracic and cervical vertebrae are 
generated by changing the parameter values with the exception of inferior and 
superior facets. The difference between the facets is illustrated in Figure 7.24. 
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FIGURE 7.23: The complete 3-D generic lumbar vertebra model. 
.,,,: 
(a) 
-p 
(b) 
FIGURE 7.24: The complete 3-D generic (a) thoracic and (b) cervical 
vertebra models. 
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7.4 Positioning of the Vertebrae in Absolute Space 
Once the vertebrae are generated from the generic vertebrae as described in the 
previous section, the positioning parameters have to be set for each vertebra to 
generate the whole spine with its curvature. In this study, the positioning of the 
vertebrae in the sagittal plane is considered. The calculations of the position 
parameters of the vertebrae are limited to the sagittal plane in which the most 
of the movements of the spine is occurred (flexion, extension and lifting 
activities). The upright-standing posture in sagittal plane is defined as the 
default position of the spine model. Several sets of upright posture data is 
gathered from the literature (Acar & Grilli, 2002 and Keller et al. 2005) and 
physical spine model which will be the reference data sets for the generated 
spine model. 
7.4.1 Positioning algorithm of I-DEAS® 
The positioning of the vertebrae in I-DEAS® is calculated in two steps: the 
translation and the rotation of the vertebrae are evaluated subsequently. Figure 
7.25 demonstrates the positioning of the vertebrae in absolute space. Initially, 
the MCS of each vertebra, which is the centre of the upper end-plate, is 
coincident with the centre of the superior surface of the sacrum that is 
positioned with global co-ordinates (0,0,0). The initial position of the 
vertebrae is defined in Figure 6.24. The centre of the vertebrae, or point C, is 
translated along the anterior-posterior, TraZ, and inferior-superior directions 
TraY, respectively. The new coordinates of the centre of the vertebrae is ZO 
and Yo. The rotation of the vertebrae in sagittal plane, a, is evaluated by the 
rotation of C around X-axis that satisfy the final position of the vertebrae. A 
counter clockwise rotation, as seen from the origin along a positive axis, is 
considered negative. Thus, flexion is defined as a negative rotation about the 
X-axis. Same procedure is repeated for every vertebra to position on the spinal 
curvature. 
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FIGURE 7.25: The main coordinate system and the positioning of vertebrae 
in I-DEAS®. 
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7.4.2 Complete Parametric Human Spine Model 
A complete parametric human spine model is generated relying on Panjahi 
data to visualize and examine the performance of the applied modelling 
technique. The orientation of the spine was established based on the studies of 
Keller et at. (2005). 
The developed solid models of the whole lumbar spine are provided in figures 
7.26-7.28. It is observed from the figures that the lumbar spine is modelled 
realistically including the all features. The orientation of the vertebrae is quite 
satisfactory with the lumbar lordosis appeared in the sagittal view (Figure 
7.27). The orientation of'the facets is presented in 7.29. Realistic modelling of 
the concave and convex faces of inferior and superior facets, respectively, 
matches with the facets of consecutive vertebra. Figure 7.30 illustrates the 
match of facets in the thoraco-lumbar junction (L 1 and T12). The facets are 
curved and planer in the lumbar and thoracic spine respectively. Although the 
geometries of the facets are different, there is not any problem within the 
connection area. The facet pair is in a good harmony since the size parameters 
are seized within the shape parameters. 
FIGURE 7.26: A frontal view of the lumbar spine. 
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FIGURE 7.27: A frontal view of the oriented lumbar spine. 
FIGURE 7.28: An isometric view of the lumbar spine. 
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FIGURE 7.29: Facet orientation in the lumbar spine. 
FIGURE 7.30: Facets illustration in the lumbar and thoracic vertebrae. 
The developed solid models of the whole thoracic spine are provided in 
Figures 7.31-7.23. Realistic representation of vertebral 1eatures with varying 
dimensions and kyphotic curve emerged from the orientation illustrates the 
power of the modelled thoracic spine. 
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FIGURE 7.31: A frontal view of the thoracic spine. 
FIGURE 7.32: A lateral view of the thoracic spine. 
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FIGURE 7.33: An isometric view of the thoracic spine. 
The disparity between the facet model of the thoracic and cervical spine is 
presented in Figure 7.34. The solid models of the cervical spine are provided 
in Figures 7.35-7.37. 
FIGURE 7.34: Facet orientation in the thoracic and cervical vertebrae. 
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FIGURE 7.35: A frontal view of the cervical spine. 
FIGURE 7.36: A lateral view of the cervical spine. 
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FIGURE 7.37: An isometric view of the cervical spine. 
Different views of 3-D parametric full human spine model are illustrated in 
Figure 4.38-4.40. Lumbar lordosis and thoracic kyphosis are produced after 
the orientation of the vertebrae. The introduced model includes all features 
with linear and angular parameters that represents a biofidelic human spine 
model. 
FIGURE 7.38: A lateral view of the human spine. 
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FIGURE 7.39: A frontal view of the human spine. 
FIGURE 7.40: An isometric view of the human spine. 
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CHAPTER 8 
Structure of the Framework 
8.1 Overview and Summary of the Framework 
The architecture of the developed framework is illustrated in Figure 8.1. The 
technical background and algorithm of most of the components were 
explained in detail in the previous chapters. This chapter explains the 
organization of the system and describes how the components process and 
interact with each other. 
Two types of processors operate in the system: pre-processor that predicts the 
missing parameters of the incomplete datasets using the reference datasets as 
guidance for relations between parameters, and post processor that revises the 
size of the generic vertebrae model to get the other vertebrae of the spine. The 
incomplete spine data turns into a realistic and plausible human spine model as 
the product of the developed framework. 
The predicted dataset which is the output of the pre-processor is transferred to 
post-processor via data export system (DES). The independent parameters are 
transferred into DES to calculate the dependent parameters of the vertebrae. 
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FIGURE 8.1: The architecture of the proposed framework. 
8.2 Pre-processing 
The pre-processing part of the system comprises the data acquisition and 
generation unit (DAGU). The role of the DAGU is to acquire the necessary 
relations between control (size) parameters from the reference datasets. These 
relations are evaluated in the DAGU to predict the missing values of the 
vertebrae. 
The DAGU was programmed as an excel-macro, which used Visual Basic 
programming language. The calculation algorithm explained in Chapter 5 was 
implemented within the macro to predict the unknown measurements of the 
vertebral parameters. As a first step, the user chooses one of the predefined 
reference datasets. These datasets are stored in the worksheets that shares the 
same excel worksheets with DAGU. Secondly, the available data of L5 is 
entered to the appropriate row of DAGU. The program informs the user at 
every input of data if any value is out of statistical range. This feature prevents 
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the user from mistyping of the input data. The user have chance to ignore the 
warning and continue with own data. This will not cause any problem in terms 
of applied algorithm however there would be some problems with the 
generated spine model if the insisted data has a large error. Based on the input 
data and the prediction algorithm described in Chapter 4, the incomplete 
values in the rows are predicted first, and then the columns are completed. 
A snapshot of the user interface of the excel programme is presented in Figure 
8.2. The vertebra codes are aligned in the first column which starts from C3 (at 
the top) and ends with the L5 (at the lowest row). The parameters are lined up 
in the first row of the interface. The parameters are grouped together in terms 
of the strength of correlation. Colour codes and borders are added to the user 
interface for better identification of the highly correlated groups. All the 
available data regarding to L5 have to be entered to the associated row. The 
fill row button must be activated for L5 row (twenty third row by default) to 
predict the missing parameters, if any, from the entered dimensions. As an 
example, if the dimension of VBH is known and entered but the remaining 
cells are empty, and then the program will predict the values of unknown 
parameters that are highly correlated with the VBH depending on the ratios of 
these parameters presented in the selected reference dataset. There will be no 
predictions for the remaining uncorrelated parameters to VBH. An 
automatically updated chart is located in the user interface to illustrate the 
estimated and reference data set values for better understanding the 
estimations. 
Once the prediction of correlated parameters is completed for L5, the 
predicted parameters will be utilized to calculate the dimensions of the 
parameters in the columns. The user has to activate the fill column option to 
fill the selected column according to the predefined functions presented in 
Appendix A. 
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Predictions based on the golden ratio can be applied to the parameters that 
preserves golden ratio in between (VBDu, SCD, SPL, TPW and SCW). As an 
example, the dimension of VBDu might be entered to DAGU and SCD may 
not be predicted due to the lack of correlated parameter values. In these 
circumstances, SCD dimensions can be predicted from VBDu by activating the 
golden ratio option in the user interface. 
The curvature of the spine is also defined within DAGU in terms of translation 
and rotation of each vertebra. The orientation values are gathered from the 
literature for the upright-standing posture. The user has option to select one of 
the orientation data sets included in DAGU or to enter own curvature data to 
model the desired posture of the spine. This orientation information will be 
transferred to the DES. 
8.2.1 Data Export System 
The last step for the DAGU user is to transfer the calculated dataset to DES. 
DES is stored as six worksheets within the same workbook with DAGU. Three 
of the worksheets are dedicated to hold vertebra dimensions while the 
remaining worksheets are devoted to the orientation parameters of the each 
spine region. By activating the transfer buttons in the DAGU worksheet, the 
lumbar, thoracic and cervical parameters are separated and transferred to the 
related DES worksheets. 
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FIGURE 8.2: The user interface of the Data Synthesizer and Acquisition Unit 
(DAGU). 
The user interface of the DES for the lumbar parameters is given in Figure 8.3. 
As shown in this figure, the name of each dependent and independent 
parameters are stored in the second row of the excel worksheet with a special 
sequence. The parameters appeares in the second row with the same order as 
they are used in the I-DEAS" software. As an example, the first six parameters 
seen in Figure 8.3 are the translational (x, y, z) and rotational (x, y, z) 
parameters which belong, to the MCS of the vertebrae. They are defined 
primarily since I-DEAS"" utilises the MCS of the each vertebra when the 
modelling begins. The cells in these worksheets are locked to prevent the 
modification by the user. The columns hold the values of each parameter. The 
cells of the independent parameters contain the unique formula to calculate its 
value from the dependent ones. The user has to export the I-DEAS`k' excel file 
to transfer the data covered in each row (for every vertebra) to the associated 
l-DEASJ" excel files. 
The orientation parameters are stored in three separate worksheets for everly 
region. These parameters are stored in worksheets separate from the vertebral 
Vw%_.... y AD 
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parameters since they do not hold the orientation information in the "design 
tree" of the modelled product. In other words, the vertebral parameters are 
kept in the memory of the program for further modification. I lowevci- tile 
orientation parameters are not stored after implementation to the model. Tile 
user interface of the orientation worksheet is similar as illustrated in Figure 
8.4. The imported data is not processed in this worksheet. It is only written to 
a text file (e. g: lumbar. txt) for further use in the I-DIAS" macro. The user 
creates this data file. 
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FIGURE 8.3: The user interface of the Lumbar Data Export System (DES) for 
size parameters. 
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8.3 Post-Processing 
Once the system is provided with predicted dataset prepared in DAGU, the 
transformed data in DES is transferred to the post-processor for generation of 
the 3-D whole human spine model. I-DEAS" software is preferred as the end- 
user interface of the post-processing section. The previously determined shape 
parameters of the spine are controlled via software. 
8.3.1 Modifier Manager 
The post-processor has one main unit called as modifier manager (MM). The 
modifier manager edits the shape of the generic vertebrae according to the data 
values imported from the DES. The MM unit encompass the generic models of 
the lumbar, thoracic and cervical vertebrae. These 3-D models of the vertebrae 
are associated with the information, which are mainly dimension parameters, 
production history and the geometric information (shape) of each feature. The 
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use of these data provides an essential solution to the spine generation. The 
generation of the whole spine is fully automated by "Automatic Spine 
Generation Program" written as an I-DEAS® macro. The main code is divided 
into three sub-codes for the cervical, thoracic, and lumbar regions of the spine. 
This gives user an advantage of generating only the required region of the 
spine. 
8.3.2 Automatic Spine Generation Program 
The automatic spine generation program (ASGP) runs within the environment. 
Once the I-DEAS® starts running, the menu shown in Figure 8.5 appears. The 
main "1-DEAS Start" menu is the access point to the model files, application 
and task options. The application and task have to be set to "Design" and 
"Master Modeller" respectively. The model files are stored in the "1-deasll" 
folder. There are two options for the file selection. The user can create a 
scratch model file with a new name or select the "HumanSpine_1. mfl" (HSI) 
file from the I-DEAS® folder. The HSI file consists of three generic vertebra 
of lumbar, thoracic and cervical spine. These generic models are ready for 
modifying. If a scratch model file is created, the user has to activate ASGP 
macro which will generate the generic vertebrae from the beginning. 
Otherwise ASGP_1 macro has to be activated if the (HSI) file is selected at the 
beginning. 
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FIGURE 8.5: I-DEAS*' Start Menu. 
The "program Erlen" command under the file menu must be selected first, and 
then the "rim" command must be activated. When the prod ram prompts Iiýr the 
name of the program file, the ASGP or AGSP_I program can be selected from 
the folder that holds the file. Figure 8.6 demonstrates the steps to he followed. 
The ASGP uses a main menu to provide a user interface (Figure 8.7). The 
main menu provides the user with the option to create the complete spine (C3- 
L5) or to create the spine regions individually. Once a region is selected from 
the main menu, the user is required to enter the part name and part number. 
The entered names and numbers must be different for each vertebra. The 
program associates a default predefined name for each vertebra. If no name is 
given then pressing enter button twice will start to modify the generic 
vertebrae. The generic vertebrae are the fifth lumbar, twelfth thoracic and the 
seventh cervical vertebrae. 
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FIGURE 8.6: Running the ASGP program file. 
FIGURE 8.7: ASGP main menu. 
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l-DEAS"R) programme communicates with the Excel programme (Figure 8.8) to 
update the values of the parameters. Data can be exported and imported 
between the programs. The modification of the generic vertebra is completed 
through the files. An excel file is created for each vertebra and stored in the 
"C: IIDEASII" folder with the name of the vertebra as in IDEAS". "These excel 
files can be updated with the data which are imported from the DIS system. 
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FIGURE 8.8: The interface of the excel file of the L5. 
The ASGP code has a routine to generate the remaining vertebrae from the 
generic ones (Figure 8.9). When the ASGP code is executed, the generic 
vertebrae is duplicated and the new vertebra is renamed as the consecutive 
vertebra. The ASGP code imports the data from the excel file of the vertebra to 
the I-DEAS * software. The I-DEAS' software updates all previously defined 
shapes (sections), constraints and modelling history of each new model. The 
routine returns back to the beginning and 
duplicates the recently developed 
model to rename, modify and generate it. 
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FIGURE 8.9: The flowchart of ASGP. 
The orientation of each vertebra is assigned after the generation of each 
region. The orientation sub-program runs within the ASGP code. The 
curvature data is read directly from the orientation text file. The curvature of 
the spine is different and needs to be defined for different postures. At this 
point, the user must return to the excel worksheets in which the orientation 
data is stored and then run the orientation program with the updated curvature 
data. 
8.3.3 Full Human Spine Model 
The organization rules of the MM and the ASGP code were so far described to 
generate a full human spine model derived from the generic vertebrae. The 
created spine model is a 3-D solid model, which is composed of vertebrae 
possessing different sizes and orientations. All the information about the size 
and history of modelling of each vertebra is kept in software database. The 
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3-D solid model is the central product in I-DEAS® software. Once the solid 
model is created then it is possible to analyze, transform and document it. The 
model can easily be transferred to other applications of I-DEAS® like finite 
element analyses, mechanism or multi body applications. The model can be 
exported to other CAD and analysis software packages for different studies. 
As an example, one of the generated vertebrae of the lumbar spine (L3) is 
meshed with triangular elements and transformed into a FEM in I-DEAS® as 
illustrated in Figure 8.10. The same model is successfully imported by finite 
element software, Marc-Mentat®, and then transformed into a FEM for 
engineering applications (see Figure 8.11). The generated full human spines 
can be documented in the I-DEAS® library for further examination of 
differences in the different populations or bioengineering researches. 
8.4 Evaluation and Validation 
The evaluation and the validation of the system were conducted by 
comparison of the generated spine model with the several samples of human 
spine, which provided full spine data of most of the independent parameters. A 
CT-Scan model, measured physical model and X-ray pictures were chosen for 
validation. In order to quantify this comparison, the prediction system of 
DAGU was validated by predicting a measurement set from the partial data of 
sample models, and comparing the resulting measurement distributions to the 
to these sample models. The results of the evaluation and validation of the 
overall system are considered in detail in the next chapter. 
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FIGURE 8.11: A snapshot from Marc-Mentat® to illustrate the FEM of L3. 
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CHAPTER 9 
System Validation and Evaluation 
The validation and evaluation of the 3D spine modelling system is presented 
in this section where the parameters in both the data acquisition and generation 
unit (DAGU) and the modifier manager (MM) are tested. The spatial accuracy 
of the system is measured by comparing the predicted values of the unknown 
parameters and error of constructions of 3-D spine models with original 
human spine data. In order to validate the prediction, three different case 
studies are completed with various human spine models. As the first case 
study, a full 3-D human spine data with an available CAD model was used for 
validation. The second case study is achieved with the data gathered from a 
physical human spine model which has an incomplete data set for some 
parameters. The last case study is achieved with the incomplete data extracted 
from the sagittal X-Ray image of a human spine. 
9.1 Error Analysis 
The model output consists of the predicted values of the parameters for each 
vertebra from L5 to C3. In order to validate the prediction, the model results 
were compared to the real values of the validation examples. The model 
precision was evaluated using the absolute relative error percentage, RE (%), 
for each vertebra and parameter, calculated as the difference between the 
predicted and measured values as; 
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n Ix -x' .1 
]xlOO 
(9.1) RE, =ý xi 3-1 
where: 
X= measured parameter values, 
X'= predicted parameter values, 
n= 22 for RE of each parameter and 18 for RE of each vertebra. 
The absolute RE (%) of each parameter is calculated with the variables; 
i= sequential counter for each parameter where j is equal to 1 to 18, 
j= sequential counter for each vertebra where 1 is equal to 1 to 22, 
whereas the absolute RE (%) of each vertebra is calculated with the variables; 
i= sequential counter for each vertebra where j is equal to 1 to 22, 
j= sequential counter for each parameter where i is equal to 1 to 18. 
9.2 Case Study I 
The 3-D solid model of a human spine is obtained from the database of a 
project called VAKHUM, which has used CT-Scan and MRI to generate 
human body models, including all bones of the subject, to use in clinical 
research. Serge Van Sint Jan (2005) have published important outcomes of the 
scanned subject and the performed analysis. As seen in Figure 9.1, both full- 
body MRI and CT scan imaging were performed. Slices obtained from MRI 
allowed extracting information related to muscle volume. Each segmented 
structure was then reconstructed in three dimension. Segmentation of the CT 
data enabled the attainment of 3-D models of the entire skeleton (Figure 9.2). 
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FIGURE 9.1: Digitization of a full musculoskeletal system 
(Serge Van Sint Jan. 2005) 
A male cadaver is selected for the CT-Scan operation. The age of the subject 
was 59 years old with the height of 172 cm and the weight of 69 kg. No 
visible problem related to the musculoskeletal system was apparent. The 
ethnicity of the subject was not available in the published sources. 
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FIGURE 9.2: CT-Scan of the (a) entire skeleton and (b) full spine. 
The 3-D model of the spine is a solid model which is meshed with solid 
triangular elements as shown in Figure 9.3. The meshed model has an 
advantage to measure the desired parameters by picking the appropriate nodes 
and calculating the distance between these nodes. The relative angle between 
the vertebrae can be calculated approximately by selecting the suitable nodes 
from each of the vertebrae. The general disadvantage of using a meshed model 
as a reference is the division of the surfaces with the low number of triangular 
elements which approximates to the original surface once the model is 
meshed. However, the affect of the approximation is not significant in this 
human spine model due to the high number of element used for meshing of the 
vertebrae. 
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(a) 
(b) 
FIGURE 9.3: 3-1) solid model of the meshed (a) L5 and (b) L5 and 1,4. 
9.2.1 Model Parameters 
The major parameters which are described in Chapter 4 must be determined 
for generating the 3-D spine model using the MM. The dimensions of every 
vertebra are measured from the 
CT-Scan model. The dimensions of the L5 are 
entered into the DAGU as the 
initial condition of the prediction process 
(Figure 9.3a). The dimensions of the major parameters of the L5 are given in 
Table 9.1. 
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TABLE 9.1: Dimensions of the parameters of L5 (i=22; j=1 to 18) 
VBHp I VBDu I VBDI I VBWu I VBWI 11FH I PDH I PDW I SPLI TPW I SCD I SCW I IFWs I IFWI I HIS ( Flli I FWs I FWI 
L51 25.4 36.6 35.2 58.7 52.4 27.5 17.5 18.5 64.6 99.8 17.0 28.9 39.3 43.9 18.8 16.3 16.3 15.3 
The reference dataset was selected first to start the calculations for prediction. 
As stated before, the ethnicity of the subject is unidentified. However, the 
dimension of the L5 gives clues about the population membership of the 
subject. All of the dimensions of the L5 are larger than the Chinese population 
data. In addition most of the dimensions fall in the published statistical range 
of the Caucasian population. Therefore, the Panjabi (Caucasian) dataset was 
selected as the reference dataset to predict the target model. 
9.2.2 Results 
The dimensions of Caucasian population, CT-Scan model and predicted data 
of VBHp are illustrated at each vertebral level in Figure 9.4. The VBHp 
dimensions of the CT-Scan model appeared to be larger than the Caucasian 
dimensions. The difference is maximum in the lumbar region and minimum in 
the cervical region. With the exception of the cervical spine, the prediction 
algorithm underestimated the VBHp. However, the trend of the predicted 
values was in good agreement with the real dimensions. The results yielded a 
good agreement as this difference provided a small RE of 5.2% for the VBHp. 
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CT-Scan, Caucasian and Predicted VBHp 
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FIGURE 9.4: Caucasian (mean), predicted and CT-Scan values of VBHp. 
As shown in the Figure 9.5 (a-b), the dimensions of the VBDu and VBDI of 
the CT-Scan model were fluctuating around the Caucasian dimensions with 
relatively close values to the mean. The measured dimensions of the CT-Scan 
model appeared to be larger than the Caucasian population dimensions in the 
cervical and lower lumbar region. The CT-Scan model values were smaller 
than the Caucasian dimensions in the thoracic and upper lumbar region. The 
predicted values were closer to the CT-Scan dimensions in the cervical and 
lower lumbar region. The results showed a highly reasonable agreement as the 
predicted values of VBDu and VBDI have RE of 4.2% and 9.6% respectively. 
The predicted values of both parameters were slightly overestimated. 
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CT-Scan, Caucasian and Predicted VBDu 
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FIGURE 9.5: Caucasian (mean), predicted and CT-Scan values of 
(a) VBDu and (b) VBDI. 
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The CT-Scan, predicted and Caucasian dimensions of VBWu and VBWI were 
illustrated in Figure 9.6 (a, b). All the CT-Scan dimensions of the VBWu and 
VBWI were larger than the mean values of the reference data. The measured 
values of the VBWu happened to be larger than the upper one SD from the 
mean reference L5 value. For such cases, the prediction algorithm employs the 
relations between the parameters of L4 to predict VBWu of L4 instead of 
employing the regression function of VBWu. The predicted value of L4 
appeared to be within one SD from mean values. Thus, VBWu of L4 was 
employed as the first input for the regression function of VBWu. The 
remaining dimensions of VBWu were predicted depending on the L4 
dimension. 
The trends of the predicted values of the VBWu and VBWI were quite similar 
to the CT-Scan model dimensions all through the spine. The RE of the VBWu 
and VBWI prediction values was found as 2.9%, and 3.1% respectively. The 
predictions of VBWu and VBWI were closer to the dimensions of the CT- 
Scan model, however they were slightly underestimated. 
The IFH of the CT-Scan model were within the statistical limits except T2 and 
T3. The majority of the CT-Scan dimensions of IFH were smaller than the 
Caucasian values. The trend of the CT-Scan dimensions was same as the 
Caucasian trend. The predicted, CT-Scan and Caucasian mean dimensions 
were shown in Figure 9.9. The predicted values of the IFH were larger than 
the CT-Scan and Caucasian values. The trend and the value of the predicted 
dimensions appeared to be quite same as the CT-Scan model values. The 
difference was largest at the T2 and T3 levels of the spine. The RE between 
the predicted and CT-Scan dimensions was found to be 11.9%. This meant 
that the predicted dimensions were overestimated. 
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CT-Scan, Caucasian and Predicted VBWu 
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FIGURE 9.6: Caucasian (mean), predicted and CT-Scan values of 
(a) VBWu and (b) VBWI. 
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CT-Scan, Caucasian and Predicted IFH 
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FIGURE 9.7: Caucasian (mean), predicted and CT-Scan values of IFH. 
Figure 9.8 (a, b) demonstrates the CT-Scan, predicted and Caucasian 
dimensions of PDH and PDW. The PDH dimensions of the CT-Scan were 
bigger than the Caucasian between T10 and L5 and at C3 and C4. The PDW 
dimensions were larger than the reference (Caucasian) values in the cervical 
spine. 
The predicted values of the PDH were closer to the measured values of the 
CT-Scan model than the PDW. The largest difference of PDH values were 
found in the thoracic spine. The RE of the PDH and PDW parameters was 
found as 5.6 %, and 12.6% respectively. The predictions of PDH were closer 
to the dimensions of the CT-Scan model, however they were underestimated. 
On the contrary, the predictions of PDW were relatively far from the real 
values and overestimated. 
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FIGURE 9.8: Caucasian (mean), predicted and CT-Scan values of 
(a) PDH and (b) PDW. 
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The CT-Scan dimensions of the TPW were within the limits of the reference 
dimensions; however there were considerable difference found in SPL of 
thoracic and cervical spine (see Figure 9.10 a, b). The trend of the TPW was 
similar to the CT-Scan data throughout the spine. The overall trend of SPL 
was found to be different than the reference data set in the thoracic and 
cervical spine. 
The prediction result of TPW was in good agreement with the CT-Scan 
dimensions. The RE of TPW was found to be 5.3% that was slightly 
underestimated. Predicted dimensions of SPL have a RE of 18.2% which 
meant predicted values were underestimated. This amount of error was due to 
the different trends of the CT-Scan and reference dimensions in the thoracic 
and cervical spine. 
The majority of CT-Scan spine dimensions of SCD and SCW were within the 
normal range of the compared population. The trends of the dimension values 
look a lot like to the mean dimension trend. The dimensions were smaller than 
the mean values of the population in all levels of the spine. The mean and CT- 
Scan model dimensions were closest in the thoracic spine for both parameters 
(see Figure 9.10a-b). 
As shown in Figure 9.10 (a), the prediction results of SCD were generally 
smaller than the measured dimensions. The SCD has a 15.3% RE of prediction 
which was tolerable in terms of computational modelling. The dimensions of 
the model were underestimated according to predicted values. The estimated 
values of SCW (Figure 9.11 b) were closer to the CT-Scan dimensions with a 
RE of 7.8%. 
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FIGURE 9.9: Caucasian (mean), predicted and CT-Scan values of 
(a) SPL and (b) TPW. 
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CT-Scan, Caucasian and Predicted SCD 
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FIGURE 9.10: Caucasian (mean), predicted and CT-Scan values of 
(a) SCD and (b) SCW. 
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The results of the IFWs and IFWi were presented in Figure 9.12a-b. The 
trends of the CT-Scan dimensions were same as the reference data. The 
prediction of both parameters reflects better results in the upper thoracic and 
cervical regions. The predicted values of IFWs have a RE of 6% that yielded a 
good agreement with measured dimensions. IFWi prediction has a RE of - 
8.1%. The predicted values were underestimated for IFWs and overestimated 
for IFWi. 
The dimensions of FHs and FHi were smaller than the mean dimensions of the 
Caucasian population (Figure 9.12a-b). The FHs values were closer to the 
mean values when compared to the FHi values. The trends of each parameter 
are similar to the trend of reference data. The RE results introduced 
satisfactory results regarding to the predicted values. FHs and FHi have an RE 
of 13.8% and 13.3%, respectively. Both parameters are overestimated with 
respect to their original dimensions. The parameters have close RE values due 
to their similar trends throughout the spine. 
As shown in Figure 9.13, the CT-Scan dimensions of the FWs were smaller 
than the mean dimensions of Caucasian population in the thoracic and cervical 
regions. FWi dimensions were smaller than the mean dimensions in the entire 
spine (Figure 9.14). The FWs and FWi dimensions were within statistical 
intervals of Caucasian population. The trends of each parameter were quite 
similar to the Caucasian trend throughout the spine. The RE of the predicted 
values of FWs and FWi were calculated as 10.9% and 12.2%, respectively. 
The predicted dimensions of the parameters were overestimated. 
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CT-Scan, Caucasian and Predicted IFWs 
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FIGURE 9.11: Caucasian (mean), predicted and CT-Scan values of 
(a) IFWs and (b) IFWi. 
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FIGURE 9.12: Caucasian (mean), predicted and CT-Scan values of 
(a) FHs and (b) FHi. 
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CT-Scan, Caucasian and Predicted FWs 
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FIGURE 9.13: Caucasian Mean, predicted and CT-Scan values of FWs. 
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FIGURE 9.14: Caucasian (mean), predicted and CT-Scan values of FWi. 
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9.2.3 Overall Results 
The RE of the predicted dimensions of the CT-Scan vertebrae is presented in 
Table 9.2. Since the calculations were. based on the actual dimensions of L5, 
there was not any error at this level as expected. According to the results, the 
smallest amount of error was found in the lumbar spine which meant the 
predicted dimensions of the lumbar spine were closer to the real dimensions. 
RE was increasing linearly from L4 to L1. The absolute relative error was 
calculated with an average of 10.6% and 10.4% in the thoracic and cervical 
spine, respectively. The overall average of the absolute RE was found as 9.3% 
for the vertebrae which is a very satisfactory performance of the algorithm. 
The overall absolute RE appeared to be highly satisfactory when the values 
were assessed statistically. As RE is a summation of all absolute relative errors 
per vertebral parameter, all these individual REs yielded even smaller error 
values, which appeared to be within one standard deviation from the mean 
average measured values. Thus, the parametric model proved to be highly 
realistic in the light of the calculated RE error values and general trends. 
TABLE 9.2: Absolute RE for each vertebra over all parameters (%). 
Vertebra RE(%) 
C3 10.2 
C4 8.9 
C5 10.8 
C6 12.5 
C7 9.6 
TI 11.3 
T2 12.0 
T3 12.8 
T4 11.3 
T5 10.6 
T6 11.0 
T7 9.2 
T8 10.2 
T9 8.9 
T10 10.9 
T11 9.1 
T12 9.6 
L1 7.9 
L2 7.1 
L3 6.6 
L4 4.8 
L5 0.0 
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The RE of each parameter is presented in Table 9.3. The RE of the vertebral 
body parameters were close to each other and found to be lower than the other 
parameters. The facet parameters (FH and FW) have higher RE than the 
vertebral body parameters since these parameters were relatively small and 
irregular than the other linear parameters which seize more error in the 
quantification of the feature. All facet parameters were overestimated. SPL has 
the highest relative error amongst the vertebral body parameters because of the 
unexpected increase of reference (Caucasian) dimensions in the thoracic spine 
which was mentioned in detail in Chapter 6. The average RE of all parameters 
is around 9% which is a satisfactory result according to the prediction 
algorithm applied. 
TABLE 9.3: Absolute RE for each parameter over all vertebrae (%). 
Parameter RE (%) 
VBHp 5.2 
VBDu 4.3 
VBDI 10.7 
VBWu 2.9 
VBW 3.2 
IFH 12.0 
PDH 6.0 
PDW 12.7 
SPL 18.2 
TPW 5.4 
SCD 15.3 
SCW 7.8 
IFWs 6.1 
IFWi 8.1 
FHs 13.8 
FHi 13.4 
FWs 10.9 
FWi 12.3 
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Once the quantitative analysis of the predicted model was completed with the 
relative error metrics, the predicted dimensions in DAGU were transferred via 
data export system (DES) to modifier manager (MM) where the 3-D solid 
model of the whole spine was generated for qualitative comparison. The 
orientation data, translation and rotation of each vertebra, was gathered from 
the CT-Scan model and applied in the orientation of the predicted model. 
Different views of the CT-Scan model and predicted spine model is 
represented for visual comparison. The sagittal and frontal views of each 
region of spine are presented in Figure 9.16-20. It is seen from the figures that 
the predicted model realistically represents the CT-Scan model. The main 
differences between two models are the angular parameters. The same angular 
parameters are used for each generated spine within this study. The slight 
difference in the orientations depends on the inclination of the upper and lower 
surfaces of the vertebral bodies. The inclination of the spinious process in the 
sagittal plane is different than the CT-Scan model while these parameters are 
also constant. The predicted model has sharp edges at every level of the spine 
while there are not any sharp edges found in the actual human vertebrae. All 
these edges can be rounded by the user with adding fillets to the desired edges. 
Spinious process posterior edges are an example to those edges (seen in the 
sagittal views of the SP) which can be eliminated by adding fillets to the 
posterior edges of the feature. 
The generated human spine model is a very successful prediction and 
presentation of a unique CT-Scan model of a human spine as shown in Figure 
9.21. The model validation is accomplished quantitatively and qualitatively. 
The predicted model has a RE of 9% on average which is fairly satisfactory. 
The generated model realistically represents the natural qualifications of the 
CT-Scan model with each vertebrae and features, and orientation. 
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FIGURE 9.15: Sagittal view of lumbar region of CT-Scan (on the left) and 
predicted model (on the right) given the dimensions of L5 only. 
FIGURE 9.16: Frontal view of lumbar region of CT-Scan (on the left) and 
predicted model (on the right) given the dimensions of L5 only. 
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FIGURE 9.17: Sagittal view of thoracic region of CT-Scan (on the left) and 
predicted model (on the right) given the dimensions of' L5 only. 
FIGURE 9.18: Frontal view of thoracic region of CT-Scan (on the left) and 
predicted model (on the right) given the dimensions of 1.5 only. 
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FIGURE 9.19: Sagittal view of cervical region of CT-Scan (on the left) and 
predicted model (on the right) given the dimensions of L5 only. 
FIGURE 9.20: Frontal view of cervical region of CT-Scan (on the left) and 
predicted model (on the right) given the dimensions of L5 only. 
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FIGURE 9.21: Isometric view of whole CT-Scan (on the left) and predicted 
spine model (on the right) given the dimensions of L5 only. 
9.3 Case Study II 
As second case study, a commercial physical entire-spine model (see Figure 
9.22a) has been selected for validation of the system. The physical model has 
been measured in Thatcham Motor Company to find the dimensions of the 
vertebrae. The model includes the intervertebral discs, nerves and spinal cord 
passing thorough the spinal canal. The model can not be disassembled. 
Therefore, some of the parameters could not be measured such as spinal canal 
parameters and articular facet parameters. 
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The measurement environment was carefully set up before the collection of 
the data as shown in Figure 9.22a. The spine model was fixed on a special 
measuring table to prevent the translation of the spine with the metal plates 
and screws. A clamp was used to constraint the spine to prevent loom rotation. 
The pelvis was fixed to the ground by ropes. 
A measuring instrument, Faro Arm, 3-D digitiser with an accuracy of 0,01 
mm, as seen in Figure 9.22-b was used as a direct contact probe to establish 
the co-ordinate of the point. First, the instrument was connected to a computer 
for direct data collection. Then two auxiliary points were chosen and marked 
with the probe to define the directions of MCS axes and the centre (Figure 
9.23). 
(a) (b) 
FIGURE 9.22: Measurement (a) set-up and (b) instrument, Faro Arm. 
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FIGURE 9.23: The reference points and the MCS centre (top view). 
The landmarks of the measured data points are given in Figure 9.24. The 3-1) 
coordinates of 24 different points were measured for each vertebra from C-3 to 
L5. The collected coordinates were saved as a text file within the computer. 
The points were transferred to a CAD environment and the distance between 
the particular points to define the parameter dimensions were calculated 
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FIGURE 9.24: The landmarks of the measured data points. 
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9.3.1 Model Parameters 
The dimensions of L5 parameters (Table 9.4) entered into the prediction 
program, DAGU, as initial inputs of the prediction algorithm. The vertebral 
body dimensions and TPW are the measured dimensions of the physical spine 
model that are used for validation of the system. 
TABLE 9.4: Dimensions of the parameters of L5 (i=22; j=1,2,3,4,5 and 10) 
VBHp VBDu VBDI VBWu I VBWI TPW 
L5 24.4 33.9 35.1 51.3 52.3 95.6 
The reference dataset was chosen as Panjabi (Caucasian) dataset. As in the 
first case study, there is no evidence about the ethnicity of the spine. However, 
the dimensions of the L5 are as large as Caucasian data. The dimensions of L5 
fall in the published statistical range of the Caucasian population. 
9.3.2 Results 
The VBHp dimensions of the physical spine model were larger than the 
reference dimensions (Caucasians) at all regions of the spine except from C3 
to C5. The trend of the physical spine dimensions was same as the reference 
dimensions throughout the spine. The physical spine dimensions were closer 
to the reference values in the thoracic and cervical spine. 
The predicted values were very close to the measured values of the spine 
model. The biggest difference was in the upper cervical region. The VBHp has 
a small RE of 4.9%. The predicted dimensions overestimated the real 
dimensions of the spine. All the measured, predicted and reference dimensions 
are shown in Figure 9.25. 
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FIGURE 9.25: Reference (Caucasian), predicted and physical spine model 
values of VBHp. 
The VBDu of physical spine were smaller than the reference dimensions 
(Figure 9.26a) while VBDI were larger than the Caucasian population 
dimensions in the thoracic and lumbar regions (Figure 9.26b). The trends of 
both parameters were quite similar to the trends of the reference dimensions. 
The predicted dimensions were very close to the physical spine model. The RE 
of the VBDu and VBDI were 2.7% and 6.3% respectively. Both parameters 
were overestimated by the prediction algorithm. 
As shown in Figure 9.27a-b, VBWu and VBWI dimensions were larger than 
the reference dimensions of the population in every level of the spine. The 
general trend of the physical spine dimensions and reference dimensions were 
likewise. The RE of predicted values for VBWu and VBWI were calculated as 
13.5 % and 2.9% respectively. The predicted VBWu values were 
overestimated while the predicted VBWI values were underestimated. The RE 
of the VBWu was found relatively higher than the VBWl. However, the 
overall trend of the VBWu was achieved throughout the spine. 
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Physical Model, Caucasian and Predicted VBDu 
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FIGURE 9.26: Reference (Caucasian), predicted and physical spine model 
values of (a) VBDu and (b) VBD1. 
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Physical Model, Caucasian and Predicted VBWu 
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FIGURE 9.27: Reference (Caucasian), predicted and physical spine model 
values of (a) VBWu and (b) VBWI. 
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The TPW of each vertebra of the physical spine model were in good 
agreement with the trend of the reference data throughout the spine. The 
physical spine model dimensions were very close to the reference dimensions 
of the population in the lumbar and thoracic spine. The predicted values were 
in good agreement with the measured dimensions with a RE of 4.5%. The 
dimensions of the TPW were underestimated by the prediction algorithm. 
(Figure 9.28) 
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FIGURE 9.28: Reference (Caucasian), predicted and physical spine model 
dimensions of TPW. 
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9.3.3 Overall Results 
The absolute relative error was calculated for each vertebra from the six 
parameters of the physical spine model explained in this case study. The 
difference between the physical spine model dimensions and predicted 
dimensions was calculated and presented in Table 9.5. It was found that RE 
was minimum in the lumbar spine with an average of 2.1% and maximum in 
the cervical spine with an average of 12.3%. The average RE was 4.7% in the 
thoracic spine. The overall RE of the spine was calculated as 6.1%. The 
overall RE value was very satisfactory in terms of the applied prediction 
algorithm. 
TABLE 9.5: Absolute relative error for each vertebra (%). 
Vertebra RE 
C3 17.4 
C4 16.3 
C5 13.0 
C6 9.8 
C7 5.1 
Ti 7.2 
T2 6.6 
T3 4.5 
T4 5.0 
T5 3.7 
T6 3.1 
T7 3.1 
T8 4.0 
T9 4.8 
T10 5.6 
T11 5.0 
T12 3.9 
L1 4.1 
L2 2.8 
L3 1.5 
L4 1.9 
L5 0.0 
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The RE of each parameter were calculated and presented in Table 9.6. The 
calculated RE values were smaller than the CT-Scan results. However, it must 
be noted that the number of parameters analyzed in this case study was one 
third of the first one. The average RE of the six parameters was calculated as 
5.8% which approved the applied prediction algorithm. 
TABLE 9.6: Absolute relative error for each parameter (%). 
Parameter RE (%) 
VBHp 5.0 
VBDu 2.7 
VBDI 6.3 
VBWu 13.6 
VB\M 3.0 
TPW 4.5 
In this case study, the fully measured six parameters of the physical human 
spine was applied for the validation of the data acquisition system. On the 
other hand, the DAGU has the capability of predicting the unknown 
dimensions from the known dimensions according to the statistical correlation 
technique that was explained in Chapter 5. PDH, PDW, SPL, IFH can easily 
be predicted from the measured parameters. Additionally, golden ratio relation 
was used to predict the unknown dimensions of SCW and SCD from TPW and 
VBDu respectively. After completion of the prediction of unknown 
dimensions by DAGU, the spine model can be created based on the measured 
and predicted dimensions of physical human spine data for visual inspection. 
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9.4 Case Study III 
In this case study, the X-ray pictures of the entire spine were obtained from a 
Caucasian to extract the dimensions of the vertebrae. The subject was male, 
182 cm in height and 89 kg in weight. The Radiograph images were taken by a 
professional X-ray technician using standard precautions. 4 lateral radiographs 
were taken for each region, two for the thoracic and one for cervical and 
lumbar, of the spine in the erect posture. The subject was standing in the 
upright position with the right side of the body facing the film. The size of the 
films was the biggest in size, 14* 17, and the distance between the X-ray tube 
and the film was 100 cm. The distance between the subject spine and the film 
was measured approximately as 25 cm. 
The radiographic films were digitised in order to measure the available 
parameters from the lateral radiographic views more precisely. The X-ray 
pictures were scanned in DICOM® laser film digitiser 
The digitised X-ray films are presented in Figure 9.29-9.31 for each spine 
region. As seen from the figures, the cervical and lumbar region of the spine is 
clearer than the thoracic region. The image of the thoracic vertebrae is 
shadowed due to the ribs, clavicles and limbs appearing in the thoracic region. 
The contrast and brightness of the images are re-adjusted. However, vertebral 
body silhouette of Ti, T2, T3 and T4 were still unclear. 
The digitised pictures were used to measure the dimensions of the apparent 
features. Seven landmarks were located to measure the appropriate parameters. 
The auxiliary landmarks are illustrated in Figure 9.32. The corners (1,2,3 and 
4) of the vertebral body was used the define VBHp, VBDu and VBDI 
parameters. The 5`h and 6`h points on the image were located to measure the 
pedicle height, PDH. The 7' point was located at the tip of the spinious 
process to measure the SPL. 
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FIGURE 9.29: Digitised X-ray pictures of the cervical spine. 
FIGURE 9.30: Digitised X-ray pictures of the lower thoracic region. 
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FIGURE 9.31: Digitised X-ray pictures of the upper thoracic region. 
1 
FIGURE 9.32: Digitised X-ray pictures of the lumbar spine with landmarks. 
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The dimensions of the features measured from the X-ray images, ID, are larger 
than the real dimensions of the vertebrae (RD) due to magnification of the 
picture. The magnification of the vertebrae size is illustrated in Figure 9.33. 
The focus distance, FD, is the distance of the X-ray tube to the film plane. The 
distance of the vertebral body to the film plane is defined as vertebra distance, 
VD. The real dimension, RD, can be calculated from the equation below, 
RD_FD- VD 
ID FD 
(9.4) 
According to Equation (9.4), the magnification factor of the images is 
calculated as 0.75. Once the dimensions of the vertebrae are measured from 
the X-ray images, they are multiplied by the magnification factor to find the 
real dimensions of the vertebrae. 
x 
/ 
FIGURE 9.33: Illustration of magnification of the vertebral image. 
9.4.1 Model Parameters 
The dimensions of the L5 were measured from the digitised images of the 
lumbar spine. The measured dimensions of L5 that are presented in Table 9.7 
were entered into DAGU. The reference dataset was chosen as Panjabi 
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(Caucasian) dataset since the X-Ray pictures were taken from a Caucasian 
male. 
TABLE 9.7: Dimensions of the parameters of L5 (i=22, j=1,2,3,7 and 9) 
VBHp VBDu VBDI PDH SPL 
L5 24.9 33.9 35.1 16.0 67.6 
9.4.2 Results 
The reference dimensions, X-Ray model and predicted dimensions of VBHp 
are illustrated in Figure 9.34 for each vertebral level, except from Ti to T4 and 
C3. The VBHp of the X-Ray model was larger than the reference dimensions. 
The difference between VBHp was maximum in the lumbar region and 
minimum in the cervical region. The predicted values of the VBHp were 
overestimated with the exception of the lumbar spine. The trend of the 
predicted values was in good agreement with the X-Ray dimensions. The 
average RE was calculated as 8.0% according to the measured vertebral levels 
(excluding Ti to T4 and C3). 
X-Ray, Caucasian and Predicted VBHp 
30 
(3 
ö 
13 
gfQ 25 - 
13 
13 E 20 
QQ 
.. o00o a" i 
m 
15 0 .. 
f0 
>oQ 13 ao" 
10 f Caucasian 
o Predicted 
A X-Ray 
5 
M V9 Co 1- 'NM- U) CO 00 O) ON ý- 2 `7 J 
U) 
UUUU F" f ý" I- I" I- 
Fes- Fes- Fes- 
JJJ 
Vertebral Level 
FIGURE 9.34: Reference, predicted and X-Ray dimensions of VBHp. 
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The dimensions of the VBDu and VBDI measured from the X-Ray images 
were fairly close to each other (Figure 9.35a-b). The predicted values of the 
VBDu and VBDI were significantly close to the dimensions gathered from X- 
Ray. The dimension of the L5 initiated the trend of the predicted values. The 
overall trend was above the reference values since the dimension of the L5 
was larger than the reference mean value of L5. Thus, predicted dimensions 
were closer to the measured dimensions in the cervical and lower lumbar 
region. The results showed a highly reasonable agreement as the predicted 
values of VBDu and VBDI have RE of 2.7% and 10% over all vertebrae 
respectively. The predicted values of VBDI overestimated compared to the 
model dimensions. 
PDH was measured from the X-Ray images from L5 to T6. The PDH was 
unclear in the remaining vertebral levels. The trend of the PDH was similar to 
the trend of reference dimensions. The predicted dimensions were closer to the 
X-Ray dimensions in the thoracic spine. The trend of the PDH dimensions was 
achieved with the predicted dimensions. The average RE of the PDH from T6 
to L5 was calculated as 16.5%. 
The dimensions of SPL extracted from X-Ray were found as very close to the 
reference dimensions in the lumbar spine. On the other hand, SPL dimensions 
were larger than the reference dimensions in the thoracic dimensions. The 
silhouette of the SPL was unclear due to the ribs in the thoracic spine. The RE 
of the predicted dimensions was calculated as 15.6% for the lumbar and 
cervical regions. 
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X-Ray, Caucasian and Predicted VBDu 
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FIGURE 9.35: Reference, predicted and X-Ray dimensions of 
(a) VBDu and (b) VBDI. 
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X-Ray, Caucasian and Predicted PDH 
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FIGURE 9.36: Reference, predicted and X-Ray dimensions of PDH. 
Measured-Predicted-Reference SPL 
80 
°o 
70 IS 
It 
00 
60 
En°oQQQQ 
E 
50 f""f"f"fo [3 
ä4"f 
NA 
40 0° 
QQ" If Caucasian 30 f4"o Predicted 
n X-Ray 
20 
M 'Cr to to rN r- N0 to f0 Co 0 .-N U F- UUUUU 1" F- F- f' pF F- Fes- Fes- Fes- 
JNJm`? J 
Vertebral Level 
FIGURE 9.37: Reference, predicted and X-Ray dimensions of SPL. 
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9.4.3 Overall Results 
Different than the other case studies, X-Ray pictures provide less information 
about the vertebral dimensions. There are several limiting factors; the 
functional X-Ray pictures taken in the sagittal plane and the other bones 
shadow the images of some of the vertebrae. Due to these reasons, only five of 
the vertebral parameters were identified and quantified from the X-Ray 
pictures. The thoracic region could not be measured due to the unclear images. 
The RE of the each parameter was calculated excluding the missing vertebral 
level. The SPL and PDH have the highest errors of 15.6% and 16.5% 
respectively. VBDu has the smallest relative error of 2.8%. The main problem 
during this case study was to locate the landmarks to the correct position on 
the vertebral image. The vertebral body corners were relatively easy to 
identify when compared to the pedicle and spinious process boundaries. 
DAGU has capability to predict the unknown dimensions from the dimensions 
used in the validation. The missing dimensions in the thoracic spine could be 
defined via regression functions of the parameters and the unmeasured 
parameters can be predicted from the known dimensions. 
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CHAPTER 10 
Discussion and Conclusions 
In this thesis, a 3-D parametric human spine model generation framework was 
developed, which was based on a command file system combining a database 
management unit in conjunction with a commercial 3-D CAD software. A 
novel data acquisition and generation system was incorporated as a part of the 
framework for determining the unknown vertebral dimensions, utilising the 
correlations between the parameters estimated from existing anthropometrical 
studies in the literature. The data acquisition system included a predictive 
methodology that governs the relations between the features of the vertebrae 
such as golden ratio by using statistical and geometrical techniques. The 
reliability and flexibility of the framework were validated through three case 
studies. 3-D computational human spine models were assessed against real life 
human spine data such as CT scans and X-rays. It has been demonstrated that 
the new system has the capability of providing quick and effective 3-D 
biomechanical models of the human spine. 
The following sections discuss the main critical issues and outcome of the 
conducted research, highlighting the novelties and the objectives achieved as 
well as the limitations of the study. 
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10.1 Requirement of Parametric Human Spine Models 
In the context of measurement methods, the geometrical similarities between 
each vertebral region were identified and the common features of the vertebrae 
in different regions were inspected. It was noted that the dimensions of the 
features were varying with altering regions while the main geometry of each 
feature remained almost similar throughout the whole spine. The geometrical 
shape of the vertebrae adapts for different regions of the spine in accordance 
with their functions. 
The development in the medical imaging devices has improved the quality of 
the data collected from the spine measurements. On the other hand the direct 
measurement methods are still used in the quantitative anatomy studies due to 
their uncomplicated set up and cost effective instruments. 
Mathematical modelling is the common name given to continuum, two-pivot 
and analytical spine models, which were based on the simplified geometry of 
the spine to reduce the complexity of the problem. In the reviewed 
mathematical models, the vertebral column was represented as a complete 
deformable structure, generally as a beam, with its overall length and 
coordinates. The general aim of these models was to investigate the reaction 
forces raised in the spine under static or quasi-static loading conditions. The 
results proved that mathematical models can provide a reasonably correct 
description of the spine under different loading conditions. 
Finite element (FE) and multi-body (MB) models constitute the second group 
of models. These biomechanical models are based on geometrical modelling 
and hold the information about the material and mechanical properties of the 
spine. The main differences between mathematical models and the 
biomechanical models are the more complicated geometries and loading 
conditions of the biomechanical models that require computational power and 
time. FE models have the capability to estimate the local and global stress and 
strain distributions in the vertebrae while multi-body analysis is used to 
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simulate the kinematics and kinetics of the human spine under dynamic 
loading conditions. FE model geometries are more complicated when 
compared to the multi-body models. MB models may represent the vertebral 
features with simple geometrical volumes. On the other hand, FE models 
embody the vertebral futures with more geometrical accuracy. The number of 
geometric parameters increases with the increasing model accuracy. To 
account for geometric variations from one specimen to another, the researchers 
have to modify every parameter of the spine that is generally constructed 
based on typical vertebrae. The parametric modelling approach brings a 
solution to this problem of modification of complex models. 
Parametric modelling is a method of linking dimensions and variables to 
geometry in such a way that when the parameter values change, the geometry 
updates accordingly. Previous attempts on parametric modelling of the spine 
were reviewed in Chapter 3. Most of the published parametric models are 
biofidelic and incorporate the appropriate features of the vertebrae. The 
geometries of the complicated features were modelled through simplified 
geometric sections like ellipse, circle and rectangle. However, the reviewed 
models have some disadvantages; 
a. High number of parameters (between 30 and 50), 
b. Models were generated for specific regions (lumbar and cervical), 
there is a lack of thoracic and complete model of spine, 
c. Some of the features of the vertebrae were not parameterised (pedicle, 
spinal canal, articular facet angulations) 
d. Modification of the parameters of the generic vertebra to generate each 
vertebra was manual, which was highly time-consuming, 
e. The orientation of the vertebrae were not included to represent 
different postures, 
f. The models did not have any control algorithm to check the 
consistency of the new dimension in relation to other dimensions. 
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The existing models were considered and examined carefully in the design of 
the novel parametric model of the spine in order to provide the essential 
requirements of researchers. 
10.2 Discussion on Vertebral Parameters and the Relations 
amongst Them 
All physical, mechanical and clinical significance of the features were 
considered to define vertebral parameters. Vertebral body feature is the largest 
in size when compared to the other vertebral components. It is composed of 
lower and upper end-plates connecting via curved lateral face. The 
biomechanical functions of the vertebral body are to carry and conduct the 
loads to the consecutive vertebra and intervertebral discs. Vertebral body 
fractures, disc herniation and degenerative disc disease are some of the 
common clinical problems occurring from these biomechanical functions. The 
vertebral body was defined with eight parameters; six linear and two angular. 
The size of the vertebral bodies is varying significantly for different races. 
Hence six linear parameters were commonly investigated in the literature. On 
the other hand, the trends of each vertebral body parameter are very similar to 
each other throughout the human spine. The vertebral body dimensions 
decrease from lumbar spine to the cervical spine. 
Spinal canal is the space between the pedicles, lamina and vertebral body that 
forms the passage for the spinal cord to pass through the spine. Its size is 
largest in the cervical and lumbar spine and shape is elliptical varying from 
region to region. With this preliminary knowledge, the spinal canal was 
parameterised with two linear parameters; spinal canal width and depth. SCW 
was larger than SCD according to the published dimensions through out the 
spine. The quantitative anatomy results showed that there was a significant 
difference in the thoracic region between Caucasian and Chinese populations. 
The narrowing spinal canal in this region might be very crucial due to the 
vascular zone for the spinal cord in Chinese population. 
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Pedicle is the connection part between the posterior features and the vertebral 
body. It has an elliptical cross section extending from the posterior lateral wall 
of the vertebral body. They are used for the screw fixation points for the 
surgical management of the deformed spines (scoliosis and kyphotic). Huge 
loads are applied to the union sections of the vertebral body and facets to the 
pedicle that is mostly broken in the car crashes. The surgical management of 
the broken pedicles is a common application in the clinics. The pedicle model 
is defined with four parameters; pedicle width and pedicle height are linear 
parameters while the inclination in the sagittal and transverse plane are angular 
parameters. PDH is larger than the PDW in all levels of the spine. The cross 
sectional area of the pedicles found smallest in the cervical spine and largest in 
the thoracic spine. Chinese pedicle sizes are very small compared to the 
Caucasians. The patients with largest pedicle size had some pedicles that could 
not accommodate the smallest standard pedicle screw. 
Transverse process and spinious process are the features that have function in 
the stabilization of the spine in extreme movements of the body in 
extension/flexion and lateral bending with the aid of ligaments attached to 
them. Transverse process extends laterally from the pedicle lamina junction in 
the transverse plane whilst the spinous process extends posterior from the 
lamina in the sagittal plane. Transverse and spinous processes are defined with 
three linear parameters. TPW and SPL are the most important parameters in 
terms of stability. Transverse process has two angular parameters while 
spinious process has one angular parameter. TPW and SPL have the same 
characteristics throughout the spine in both Caucasian and Chinese 
populations. The size of TPW and SPL is largest in the lumbar spine and 
smallest T12 level in the thoracic spine. The size increases up to Ti level and 
starts to decrease from C7 to C3. Compared to the Caucasian data, the 
dimensions of the TPW and SPL are smaller by 15.6% and 5.5% in Chinese 
respectively. 
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The superior and inferior articular facets of the vertebrae are the coupling 
features that have contact with the consecutive vertebrae. They have different 
structure at different levels of the spine. It is cylindrical in the lumbar spine, 
vertical elliptical in the thoracic spine and angled elliptical in the cervical 
region. It is a clinical observation that facets are important stabilizing 
structures, and their surgical excision often leads to spinal instability. Each 
facet was defined with four parameters; two linear and two angular. In 
addition to those three more parameters were introduced that define the 
positions of inferior and superior facets with respect to each other. There is 
very limited data in the literature concerning the articulate facets. Panjabi data 
is the single dataset found for the whole spine so far. The dimensions of the 
facets have typical characteristics. While the inferior facets hinge with the 
superior facets of the vertebrae below, the inferior facet dimensions are about 
the same as the superior facets. The largest variation in facet angles is 
observed at T12 and C7 level that are the transition vertebrae between spinal 
regions. 
In this thesis, a novel algorithm was developed for prediction of incomplete 
human spine data depending on the published full spine data sets in the 
literature. The novelty of the algorithm was the implementation of the 
statistical information from the published whole spine data that represented 
different group of people. 
The relationships between the vertebral parameters were investigated via 
statistical correlation technique to derive the missing dimensions of the 
vertebrae from the measured values. The correlation coefficients were 
examined through the whole spine data, which were the average dimensions of 
different populations published in the literature. Panjabi (Caucasian) and Tan 
(Chinese) data sets were referred to as reference data sets. 
The vertebral parameters were grouped into two categories according to their 
character of relation. The parameters of features that did not have direct 
contact with the adjacent vertebrae (vertebral body, pedicles, spinal canal, 
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transverse and spinious process) were grouped together, while the facet 
parameters that had direct contact with the adjacent vertebrae were defined as 
the other group of parameters. 
The relations within first and second group of parameters were investigated 
within every vertebra and between the vertebrae for each parameter. This two 
way correlation defined the possible relations within the first group of 
parameters of a spine system. The highly correlated parameters were identified 
statistically in each vertebra for each data set. In addition, least square 
regression (LSR) method was applied to define the relations between the 
vertebrae for each parameter. 
In the first group, the vertebral body, pedicle height and interfacet width 
parameters were found as very highly correlated parameters within a vertebra. 
There was also a high correlation found between the parameters of the same 
feature as in spinal canal and pedicle. Another high correlation was found 
between the SPL and TPW that are the parameters of two distinct features. 
These parameters have similar decreasing and increasing trends throughout the 
spine which may be the natural adaptation of the spine system against instable 
movements of the whole spine. The largest difference was found in the spinal 
canal parameters in the Caucasian and Chinese data sets. Although the spinal 
canal parameters had high correlation between each other (SCD and SCW) in 
Panjabi dataset, their relation was the lowest amongst the other parameters. In 
the Tan data set, the correlation was even lower between SCW and SCD. This 
is explained by steady trend of SCD throughout the spine that do not have 
linear tendency to calculate with linear correlation throughout the spine. 
The relations between the dimensions of adjacent vertebrae for each parameter 
are defined by the variation of data throughout the spine. The scattered data 
was divided into groups according to their varying tendencies. These 
tendencies were defined with approximated polynomials of the data groups. It 
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was investigated that almost every parameter has different trends for every 
spinal region (lumbar, thoracic and cervical). 
The correlations of the articular facet parameters were grouped as described in 
the first group of parameters. The main difference was figured out in the 
correlation of parameters within each vertebra. Although high correlations 
were found between the facet parameters in each vertebra as IFWs & IFWi, 
FHs & FWs and FHi & FWi, the correlations of parameters were more 
significant between the matching facets of the consecutive vertebrae as IFWs 
of the lower and IFWi of the upper vertebra, FHs of the lower and FHi of the 
upper vertebra, FWs of the lower and FWi of the upper vertebra. These results 
support the biological adaptation of the matching facets of the consecutive 
vertebrae. 
The relation between the dimensions of adjacent vertebrae for each parameter 
was defined as in the first group of parameters. The main difference with the 
first group of parameters was found as the higher variations in FH and FW 
data throughout the spine. Since the facet parameters, FH and FW, define the 
smallest and one of the most irregular features of the spine, the measurement 
of these parameters becomes harder. This problem decreases the quality of 
data as it becomes noisier. Therefore, the representation of the scattered data 
with the fitted functions became modest for these facet parameters. 
Golden Ratio, which is one of the well known mathematical relations within 
the particular segments of the geometries, was utilised to discover the hidden 
relationships between the parameters of the human vertebrae. It is revealed 
from the images of different vertebrae that some of the parameters exposed 
golden ratio between each other. One of the novelties of this study is to 
investigate the golden ratio by using a genuine vertebral data from CT-scan 
models of cadaver vertebrae. 
Three different relations were considered between vertebral parameters that 
might have golden ratio within. Two of them were between the parameters 
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through the sagittal length (SL) of the vertebrae, VBDu, SCD and SPL. The 
third one was considered through the transverse length of the vertebrae, TPW 
and SCW. These relations could be very helpful to assume the unknown 
dimension of the parameter if the others were known. SCW and SCD had very 
low statistical correlation between the other parameters of the vertebral body 
(see Chapter 5) thus it could not be possible to predict the dimensions of spinal 
canal parameters depending on the other parameters of the vertebra. The 
mathematical relation (golden ratio) within these parameters could provide an 
opportunity to predict the dimensions of spinal canal parameters from the 
relational parameters. 
The results of analysis between the sagittal (anteroposterior) parameters raised 
expectations about the existence of the golden ratio. First, the published data 
in the literature was analysed. The results were very close to the expectations 
in the lumbar spine and reasonable in the thoracic spine, except Ti and T2. 
The variation of the results in the cervical region was more than expected. The 
published data on vertebral dimensions were the average dimensions collected 
from a population. Although these data give good understanding about the 
golden ratio, it has to be checked once with the dimensions of unique 
vertebrae. With this perspective, a CT-Scan model obtained from a cadaver 
and a realistic physical spine model were analysed. The calculated ratios of 
these models illustrated very close results to the golden ratio. The ratios from 
L5 to T3 illustrated small variations from the golden ratio. According to the 
results acquired from five different datasets, it is very likely to approximate 
the ratio between these parameters as golden ratio in the thoraco-lumbar spine 
(except Ti and T2). 
Secondly, the parameters through the transverse plane, TPW and SCW were 
analysed to explore the golden ratio within these parameters. Three different 
data sets were used in the investigation. The results provided the evidence of 
golden ratio between these parameters in the thoraco-lumbar spine, except Ti 
and T2. It is coherent to employ golden ratio when defining these parameters 
in the spine models. 
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10.3 Discussion on Human Spine Generation System 
The complex nature of each vertebra was reduced by simplifying the non- 
linear shape of the features, while keeping the most essential parameters as 
realistic as possible. The features were simplified to the most common 
sections examined in the each vertebra and defined with the same number of 
parameters. This approach helps the potential user to edit the sections of the 
features more easily. Further advantage would be that the models are easily 
transferred to alternative analysis software since models with sophisticated 
surfaces and sections usually cause problems when transferring, editing and 
meshing the model. 
The modelling of every feature via separate RCS is an advantageous approach 
when the complexity of the modelling of the whole vertebrae is considered. 
This sub-division of the vertebrae gives user the opportunity of editing the 
orientation of the each feature separately. If any problems occur during the 
generation of the vertebrae then it would be possible to edit the parameters of 
the incorrect feature separately, without affecting the other generated features. 
The novel framework for generating whole human spine models based upon 
various control parameters allows the user to automatically generate realistic, 
ready to analyse 3-D solid models of the human spine automatically. The 
described framework is a two step procedure for generating novel spine 
models. The first step produces a plausible set of predicted dataset from the 
incomplete dataset using anthropometric proportions and statistics. The second 
step modifies the generated generic models automatically in a CAD 
environment using the user defined codes. 
The pre-processing part of the system includes the Data Acquisition and 
Generation Unit (DAGU). The role of the DAGU is to establish the necessary 
relations between control (size) parameters from the reference datasets. The 
program informs the user at every input of data if any value is out of range and 
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unacceptable. This feature prevents the user from typos. The entered values of 
translation and rotation are checked against geometric constraints between 
consecutive vertebrae as well. It is also possible to add new reference datasets 
to the DAGU programme, which gives the opportunity to implement new 
datasets that belongs to different populations and races. 
The overall performance of the prediction methodology was examined by 
error calculations. Absolute relative error (RE) of each parameter was 
calculated, where absolute RE was the percentage of error between the 
measured and predicted dimensions of a parameter. The framework provided 
generally good agreements with the experimental data of CT-scan, X-rays, and 
physical model. 
10.4 Conclusion 
A 3-D geometrical solid model of the whole human spine based on parametric 
modelling techniques was developed, which uses a novel data acquisition code 
for determination of the parameters and generation of necessary spinal 
components. The main novelty of this research and its contribution to 
knowledge was the versatile framework, which incorporated the parametric 
human spine model for those who study the biomechanical behaviour of the 
human spine such as bioengineers, ergonomics designers and anthropologists. 
The parametric model possesses more sophisticated features such as being a 
full spine model with less number of main vertebral parameters when 
compared to other models in the literature. The model includes a highly 
improved definition of angulations and orientations of the vertebral features. A 
predictive methodology is developed according to the nature of relations 
within the spine system. This technique comprehends the relations between the 
parameters within a vertebra and between each parameter within consecutive 
vertebrae correspondingly and results in a correlation method to be used in 
order to figure out the strength of relationship between the parameters. The 
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introduced relations also help reduce the number of input parameters needed to 
construct the overall spine model. The model framework has the flexibility to 
represent various different postures with its user-friendly interface. 
The model was rigorously validated against several real-life cases, where the 
trends of the predicted data showed good agreement with the actual data 
gathered from each case of measurements. The predictive algorithm proves 
highly satisfactory in most cases, however, implementation of extended 
reference data has the potential to improve the algorithm further and better 
convergence to validation data may be achieved as a result of that. 
Golden ratio investigations exhibit highly satisfactory results, which may be 
implemented into the framework to enhance modelling capabilities and 
simplifying the procedures. Golden ratio research possesses a high potential to 
further explore possible correlations amongst other spinal features. 
10.5 Future Work 
The main novelty of the thesis is the 3-D parametric human spine model 
generation framework based on a command file system combining a database 
management and data acquisition unit and a commercial 3-D CAD software. 
The framework is proposed to be a novel system utilising the correlations 
between the parameters estimated from the quantitative anatomy data and 
existing anthropometrical studies in the literature, which claim to represent 
population averages. Another novelty lies in the data acquisition and 
generation system, which was incorporated to determine the unknown 
vertebral dimensions. Investigating the golden ratio amongst the vertebral 
parameters is thought to be another novelty, which has not been attempted so 
far by other researchers. Findings out of golden ratio research were 
incorporated into the databases to be employed in the predictive algorithms. 
The framework proved to be reliable and flexible as validated against various 
real life human spine data such as CT scans and X-rays. 
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The study may be improved further by including new reference data sets into 
the framework. The extended amount of data may lead to implement relatively 
advanced systems such as principal component analysis and neural network. 
Different sets of real life human spine data may be employed to validate the 
framework further to check against the variations in the population anatomy. 
The framework can also be converted into a commercial pack of software, 
which provides a compact parametric spine generation environment for 
researchers and scientists. 
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FIGURE A. 5: Regression of VBW1(Panjabi data). 
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FIGURE A. 6: Regression of PDH (Panjabi data). 
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FIGURE A. 7: Regression of PDW (Panjabi data). 
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FIGURE A. 9: Regression of TPW (Panjabi data). 
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FIGURE A. 10: Regression of SCD (Panjabi data). 
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FIGURE A. 11: Regression of SCW (Panjabi data). 
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FIGURE A. 12: Regression of IFH (Panjabi data). 
IFWs Regresston (Panjabl) 
40 -- -_ ý_---------_---_ __ __ . __ ____ 
/A 
35 
4` 
y -08, +5.2x+309 
F? 
I 
y"03x. 11.5X+1184 
R==10 
" 
L5-L2 
20 . L2-T1 
y=-OA3x? +1 AW. 1912x+ 104 49 f T1-C2 
Pet =1 00 -- Pali (i1-C2) 
-Puy (L2-TI) 
--- 15 
Pay (L5-L2) 
M -Ir N iD I- NMN fG 1+ 00 O! O-NNM<N 
VVVVV 
Vertebra 
FIGURE A. 13: Regression of IFWs (Panjabi data). 
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FIGURE A. 15: Regression of FWs (Panjabi data). 
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FIGURE A. 16: Regression of VBH (Tan data). 
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FIGURE A. 17: Regression of VBDu (Tan data). 
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FIGURE A. 18: Regression of VBDI (Tan data). 
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FIGURE A. 19: Regression of VBWu (Tan data). 
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VBWI Regression (Tan) 
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FIGURE A. 20: Regression of VBWI (Tan data). 
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FIGURE A. 21: Regression of PDH (Tan data). 
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FIGURE A. 22: Regression of PDW (Tan data). 
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FIGURE A. 23: Regression of SPL (Tan data). 
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FIGURE A. 24: Regression of TPW (Tan data). 
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FIGURE A. 25: Regression of SCD (Tan data). 
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FIGURE A. 26: Regression of SCW (Tan data). 
I 
261 
Vita 
VITA 
PERSONAL INFORMATION 
Surname, Name: Ceran, Murat 
Nationality: Turkish (TC) 
Date and Place of Birth: 19 June 1976, Ankara, Turkey 
Marital Status: Married 
Phone: +90 312 3399980 (home/Turkey) 
email: muratceran r yahoo. com, muratceran rr hotmail. com, muratcerann mail. com 
EDUCATION 
Degree Institution Year of Graduation 
MSc Mechanical Engineering, METU, Ankara, Turkey 2002 
BSc Mechanical Engineering, Gazi University, Ankara, Turkey 1999 
High School Ankara Gazi Anatolian High School 1994 
WORK EXPERIENCE 
Year Place Enrollment 
2000-Present Undersecretariat 
for Defence Industries (SSM), Ankara, Technical Project 
Turkey Assistant 
1999-2000 Vocational 
School of Higher Education, METU, Ankara, Teaching Assistant Turkey 
FOREIGN LANGUAGES 
Skilful and fluent in English, intermediate knowledge of German 
PUBLICATIONS 
1. Ceran, M., Gokler, M. I., and Darendeliler, H., "Finite Element Analysis of Header Dies for Taper 
Upsetting", Proceedings of the CST2006 8th International Conference on Computational Structures 
Technology, Las Palmas de Gran Canaria, Spain, 2006, lOpp. 
2. Ceran, M. and Acar, B. S., "A Three Dimensional Parametric Human Spine Model Generation', 
Proceedings of ESDA04,7TH Biennial Conference on Engineering Systems Design and Analysis, July 19-22, 
2004, Manchester, United Kingdom. 
262 
